UNCLASSIFIED

0 257 860

Reproduced
by the

ARNED SERVICES TECANICAL INPORMATION AGENCY
" ARLINGTON HALL STATION
ARLINGRON 12, VIRGINIA




Best

- Available

Copy



NOTICE: Wwhen govermment or other drawings, epeci-
fications or other data are used for any purpose
other than in connection with a definitely related
govermant procuremert operation, the U. 3.
Government theredy incwrs no raspor3idility. nor any
obligatior whatsoever; and the fact tha: the Govern-
aent Wy huve forsulated, furnished, or in any wvay
aupplied the said drawings, specificatious, or other
data 10 uov o be regerded by implication or other-
wvige a8 in any matner licensing the holder ox any
other pexson ar corporution; oy conveying any righta
or permiasion to manufecture, use or sell any
patentod lnvention that ssy in any vay be related
theroto,




WADD TECHNICAL REPORT 60-793

DIFFUSION IN REFRACTORY METALS

57§50

VY K
N8
<L, | (
i::: N. L. Peterson
1%
< Advanced Metals Research Corporation
b
= S
£ ==
D
S
L <
=
O < MARCH 1961

WRIGHT AIR DEVELOPMENT DIVISION




WADD TECHNICAL REPORT 60-793

DIFFUSION IN REFRACTORY METALS

N. L. Peterson

Advanced Metals Research Corporation

MARCH 1560

Materials Central
Contract No. Al 33(616)-7382
Project No. 7361

WRIGHT AIR DEVELOPMENT DIViSION
AIR RESEARCH AND DEVELOPMENT COMMAND
UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

&) - May 1ML - 221102




FOREWORD

Yhis report was prepared by Advanced Merals Resear¢h Corporation under
subcontract from Nuclear Metals, Inc. on USAF Contract No. AF33(616)-7382. The
contract was initiated under 2roject No. 7351, "Metallic Materlais," Task No.
73512, "Refractory Materials," The work was administered under the direction
of Materials Central, Directorate of Advanced Systems Technology, Wright Air
Development Division, with Lt. J. Bitzer acting as project engincor.

This report covers work conducted from April 1960 to September 1960,

This work was prepared by N, Peterson, and reviewed by bDras. R, Ogilvie,
J. Norton, and E, J. Rapperport,
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ADSTRACT

Data available in the open literature on diffusion in tungsten, tanta-
lum, molybdenum, niobium, platinum, hafnium, zirconium, vanadium, chromium, and
titanium is revievad and evaluated. Informatiom vn aninety-five binary systems
and thirteen ternary or higher order systems is reported.

Care was taken to make this report as complete as possible at this time.
For some systems where no diffusion data was available, diffusion coefficients
were estimated from existing theories or frow data on diffusion controlled

processes,
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I.  INTRODYCTION

In the past few years, the importance of diffusion in refractory metale
has become increasingly emphasized due to the application of these mecals to
high temperature uses such as space vehicles, jet engines, and nuclear processes.

Por practical s well as for fundamental reasons, the rates of diffusion in
alioys of these wetals are of considerable consequence. Most reactions which oc-
cur in the solid state are greatly dependent upon the diffusion of atoms through
tha lattice structure and along grain boundaries. Thus, diffusion is frequently
rate-coatrolling in such processes as grain growth, homogenization, oxidation,
age hardening, sintering, creep, and elastic after effects. In addition to the
substitutiona’ alloying =lements used in the refractory metal slloys, the inter-
stitial alloying elements such as carbon, oxygenm, nitrogen, and hydrogen also are
often present in sufficient quantities to influence the alloy sr-perties sieal-
ficantly.

In the processes of determining which elements ahould fall under the term
refractory metals, three groups of elements were categorized with respect to
their general importance:

Group I -~ Diffusion of niobium (columbium), molybdeaum, tantalum, and
tungeten with any other element.

Group 11 =~ Diffusion of zivconium, hafuium, platinum, iridium, osaiums,
rhenium, rhodium, and xuthenium with any other element. Data
was found only on zirconium, hafaium, and plstinun,

Geoup IIT - Diffusion of titanium, chromium, and vanadium w!. . auy other
ﬂlmtv

11,  CROUR 3
A Diffueion ia Tungsien

L. Salf-diffusion

8elt-ditfusion of tuagsten ztg rveported in 1956 by two Rusaian
flivestigators, Vasiler ..:d Chernose chenko, The rvediosctive isotope WiB

«a8 oxidized to W04 and applied av & unifo n coat 0 to 50 microns thick, onto
the surface of tunyeten dlecs. The sotivity wes oeasured st the surfacs of the
discs as a function of time et Semperatures i the vange of 1287 to 1453°C. The
data fits the equatioc

D=6.3x 10 exp {~135,000/RY).

Manuscript released by the suthor Deceaber 1, 1760, for publication Ae # WADD
Technical Repore. ' T
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The data appears tc be quite good, but at temperatures as low as the ones
used in this investigation, one would expect a fair amount of grain houndary
diffusion. The activation.energy is of ihe right order of magnitude for lattice
diffusion, but the D, is excessively large for self-diffusion by a vacarncy cr
riug mechanism. The authors estimate their error in D as being 25 to 30 percant.

Using the field emission microscope; Mul 1er( ) measured the nurface migra-
tion of tungsten atoms on tungsten in the temperature range 927 to 1227°Cc. He
obtained 3 value for the activation energy of surface diffusion of

Q = 106,500 + 800 cal/mole.

This value appears to be quite large, and there was some doubt exyressed in the
literature as to whether Muller was messuring surface diffuuion or ‘olume diffu-
sion. By applying the theory of l!erring(” to the rate of blunting of tungsten
neciles which were heated and observed in the electror microscope, Boling aud
Dolan(4) concluded that surface diffusion was the controlling mechanisa in
Muller's experiments.

In a more recent {nvestigation by Sokolwckau,( 3 the activation energy
for surfaca diffusion was found to he G = 73,200 + 4,500 cal/mole. The measure-
ments utilised che fleld minton ni.crolcope and were carried out over the tem-
parature renge of 927 to 1327°%C.

Barbour, Charbonnier, Dolan, Dyke, Martin and 'l‘rolcn( ) reporied aurhce
diffusion data for tungsten cver the temperature range of 1527 to 2473°C. A
pulse field emission microscope was used to weasure the rounding of *' . pointa
of tungsten needles. Proa a least squaras line through 43 aporhnntcl points,
the equation

D= 4 exp (~(72,000 + 1630)/RT)

wvas arxived at. This sppesrs to be the most complete and prodably the mwst re«
liable data on surface diffusion ta tungsten.

Sokolowluh(s) and Wettlex and chnbonnier(” showed that the sctivation
enerpy is considerably saaller if a large continucusly applied electric field i
used, The high electrostatic field st the crystal surfece, preseat through in-
duced polarization of the surface atoms, produces a reduction of tha potential
bill vhich an atom must surscunt in order to migrate from ove stable site to
another.

2. Intermtitial Diffusion
a.  Tungeten-Boron

Two Russisn investigators, Samsonov and utyohwn(s’”
studied the diffusion of buton and carbon iato s number of transition eiements.
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Since their "diffusion constants™ are not the stindard diffusion coefficients
encountered In physical metallurgy, their technique and results will be reported
in detail here, but will be referred to only briefly under the other system that
they have investigated. In systems where there is other data available, their
data is greatly in evror. Hevertheless, the data is inieresting and possibly
of value.

Specimens, 3 to 4 mm diameter cylinders, were charged with carbon by plac-
ing the specimens in a suitable holder and were surrounded with lamp black. PFor
saturation with boron, a charge of 99.1% purified amorphous boron was used in a
mixture of 3% NH,Cl as a diffusion activator. The time at temperature for each
temperature was two hours. On the basis of weight changes, hardness data, metal-
lographic observations, and x-ray snalyses, the compounde formed on the surface
were determined.

Diffusion constants (which appesr to really be constants associated with
tiie rate of growth of the compound layer) were calculated from the relation
b (C - cz) =CX
where D is the diffusion coefficient, C - C2 is the ditterence in concentration
of the metalloid on the boundaries of the layers, and K is defined as

1-x2+2:21nn

4t

2

vhere x {¢ the radius of the specimen (R) minus tho thickness of the diffusion
sone snd t ia the time.

The sctivation ensrgy, Q, was calculatad from the relation
D¢ - cz) = D exp (~Q/x1).

The data for tungsren-boron diffusion is shoun in Table 1 snd may be given
by

3

D« 3.72 x 10° exp [{~20,400 + 6400)/K1).

s.mnov(m) in an esrlier report, stated that Q = 17,200 cal/mole, The
grouth of the Wy phase wap waasured and the sam¢ snslysis as outlined above was
used ¢o calculate the activatioe ensrgy.
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Table !

Tungsten-Boron Piffusion Data Using the Samsonov_and Latysheva Techniqug(e’g)
i 1 -
Tewp. D Q D, C - Cy D
{ °c) « - Cz) (cal/mole) (cmzlsec) (g/em3) (cm*/sec)
L ——_..— s
1000 0 20,400 + 6400 860 + 170 | 0,231 [3.72 x 105 exp (———‘-—-
1100 0.6220
1300 3.0688
1400 8.6520
1700 | 18.0432
1800 | 21.5496
1900 | 56.789%

b. Tungsten-Carbon
There ie very little agreement between the different in-

vestigatorz ou diffucion of carbon into tungeten, even though suveral of them
used the name technique., Samaonov and Lntyahava,(5;9) employing the metliod de-
scribed previously under the tungsten-boron system, gave a value of

D = 1,82 x 10° expl=(39,500 4 13,400)/8T).

Yhe data is given in Table 2. ihe growth of the W,C phase vas used for detgr-
mining the diffusion coafficient over the tempsrature range of 1400 to 2000°C.

Table 2

Tungaten-Carbon Di€fuaion Daia by Ssmsonov
and Latgohew_ff;g)

Tewp. | D Q D D
) | - €y) | (cat/mole) (cwilsec) (g/cn3§ {enzllec)
) 6 -39, 500
1400 | 0 39,500 + 13,400 [ 96,500 + 9300 | 0.093 [1.82 x 10° exp (222300,
1600 4.4130
17060 9.5976
1800 | 15.5372
1500 | 20.6088
2000 | 27.2140
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(11)
scribed by Samsonov and Latysheva, obtaincﬁ

Kreimer, Efron, and Uaranova, utilizing the same analyiical system deo-

D(C - C,) = 2750 exp [~(112,000 & 3,000)/RT)

D = 25,000 exp [-112,000 + 3,000)/RT]}

over the temperature range of 150 to 1800°C. Tha data appears to have much
less scatter than that of Ref. 8, but the activation energy still may be too
large.

Pirani and Sandor( b placed large grained tungsten busxds in a4 carbon ded
and heated them to temneratures of 1535 o 1805°C. The depeir af tiue Lungeten-
carbon phase vas measured at various times at each tesperature. The activation
energy for the growth of the tungsten-carbon phase (assumed to ba diffusion con-
trolled) was found to be

Q = 59,000 + 5,000 cal/mole.

2

D, was calculated from the Dushmsn-Laugmuir squation, {D = %g— exp (-Q/RYT)

where d e the jump distance in cm, Q 43 in cel/mole, h is in 2al/sec, and D is
in ca?/sec], to be D, = 0.31 cwé/sec.

mmr( 2 meagured diffusion of carbon in tungsten at . ~% by seans
of thermionic emission. He cbtained the values listed in Table 3.

Teble 3
~Carbon Diffuston Cosfficients for 1700%¢¢1Y

2ype of Wire b (cuzluc)
Single crystal vire 0.12 x IOM
Dravn vivas 0.52 » loﬂu
Brawn wvire with ~12
0.75% ™o, 0.63 x 10
Piutsch wire 2,5% = m"“

Large voids obgerved in the Pintech vive wn pivon a9 the reason for the higher
diffuston coefficient. Taking D = S x 10727 ca?/sec, Q = 125,000 cel/wole is
calculated from the Dushaan-Langmuir equition.
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It is clear that more accurate data is needed on diffusion of carbon in
tungsten.

Surface migration of carbon on tungsten was followed with the field emis-
sion microscope by Klein.(14) 4 tungsten point was shadowed with carbon, heated
to various temperatures, and observed in the field emiss!on microscope at room
temperature at given time intervals. .A sharp moving interface was followed which
gave a linear relationship between distance moved and the square root of time.
Measurements were made at 850, 975, and 1100°K. This data yields an activation
energy of Q = 55,000 + 7,000 cal/mole, indicoting that Q for lattice diffusion
of carbon in turgsten is probably of the order of 100,000 cal/mole.

c. Tungaten-Argon

(15) Sur‘face diffusion of argon on tungsten was messurad by
Gomer with the field emission microscope. A value of the activ.iion epurg:
for this process is giveu as

Q = 600 &+ 200 cal/mole.

The very low value of Q signifies an extremely small binding energy between argon
and tungsten atoms at the surface, as might be expected from the inertness of
argon.

4. Tunasten-lydrogen

Surface migration of hydrogen on tmcnn vas foll-wed with
the field emiseicn microscope by Wortman, Gomer, and Lundy. 6) A mo.. aayer of
hydrogen on tungsten gives an activation energy for iu:faca diffusion of Q »
9,000 cal/mole, An earlier paper by Gomer and Hulm{l?) geve Q = 16,000 cal/mole
for 0.1 monolayar of hydrogen. Howsver, this corresponds to movemant from higher
en:rgyl:u:u only, since thare are not sufficient hydrogen atoms to completely
fill all sites.

e. Tungsten-Uxygon

Wortman, Gom-c, and mndy(“) seasured aurfece wigration of
oxygen on tungsten. They found that a monolayer of oxygen on tungsten gives
Q = 19,000 cal/mole, while 2 0.1 wanolayer gives Q = 30,000 cal/wole.(1¥)

Huner,(m) aleo using the field emission wicroscope, found Q = 16,000
cel/mole for the surface diffusion of oxygen on tungsten, which is in good
agreement vith Wortman's(16) value of Q = 19,000 cal/mole,

3. Subdgtitutional Diffusion
a. Tungeten-Barivm

Nullor(w’ and Becker(1®) heve observed surface sigretion
of barium on tungsten with the field saiision micioscopa but neither of thes
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calculaiod diffusion coefficients from their data. Becker zives data for sev-
eral different crystallographic plaaes and for diiferent voltages, temperatures
and thicknesses of brrium.

b. Tungsten-Cerinm

Dushman, Dennison, and Reyr.olds(u) have measured the lat-
tice diffusion of cerium in tungsten by observing the thermionic emission as &
function of fise., The samples were 4-ail dlameter filaments. At 2000°K (1727°0),
D= 95 x 10" cm“/sec and D =~ 1.15 exp (—83,000/RT). Measurements weie not
mentioned for temperatures other than 2000°K. Hence, the D, and @ values were
probubly deternined with the Dushman-langmuir equation. Diffusion coefficients
calculated for tompersiures other than 2000°K are probably not ou firm ground.

Mo mention was made as to the ceriua content of the filaments, but from the
relatively large value of Q, the cerium content must be small.

C. Tungsten-Cesium

The surface diffusion of cesium on tungsten vas measured by
Laogmsuir and 'l‘nyloxf(zz) using the therwionic emission technique. These investi-
gators madc measurements for Loth the firet adsorbed layer and the second ad-
sorbed layer of cesium on the tungsten surface,

Table 4
. (22)
Suryace Diffusion of Cesium on Tungeten
Pirst Adsozbed Layer
‘tg-p. 2!) 37 Q
'c) (cn®/uec) |[(en®fuec) | (cat/mole)
27 [1.2x 2070 | 0.2 14,000
227 {15107
427 {8.0 x 2078
sen 14,0 x 107
Second Adsorbed Layer
27 |3.6x 10 | 0.0164 2,300
227 | 2.2 x 1073
027 |3.2 2 200

The consideradly iower activation energy for the second adsorbed layer is
due to the aovesent fr-am highar energy sites for the firs* edsorbed layer. The
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movement of the second adsorbed layer probably come. clouser to surface diffu-
cion of cesium on cesium, which would be expusied to have & smaller activation
energy than gurface diffusion of cesium on tungsten.

d. Tungsten-Iron

Vasiler, Kamardin, Skatskii, Chernomorchenko, and Shuppe(za)
studied the diffusion of Pe54 into tungsten. The tracer was applied by electrol-
ysis of FeCly onto a slab of tungatem, 150 mo? by 0.4 om thick., Diffusion sam-
ples were run at 1210, 1313, 1409, sad 1513°K. The data fits the equation

De 1. x 102 exp (—66,000/2T)

k)
=i§§ an error in D estimatad Ly the authoxs as beloy 30%. Gihkﬂ&(‘“) difivaed
W into ofe, yFe, and a 0.82% carbon steel. The diffusion anneals were carried
out in the temperaturc range of 700 to 1250°C. The data is given in Table 5.

Table S
Data on Diffusion of “185 inta lron(zb)
. D x 1042 (cazlncc)
Teve. N
G| e
00 | o] 0.
150 2.0 0.9
75 o 2.0
800 7.8 3.8
850 % 6.0
‘875 16 .ee
9060 10 13.0
950 19 1.9
1000 14 15
1050 12 17
1100 18 &4
1150 69 180
1200 210 230
1250 460 560
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This data was found to fit the following equations:

2
Dore ™ 3.8 x 10 exp (—70,000/RT)

3
DY?e =1 x 10° exp (—90,000/RT)

D

yateel 13 exp (~75,000/RT).

Van Li.upt(zs) determined the rate of diffusion of iron in tungatea by
measuring the rate of evaporation of iron from a W - 0.04% Pe alloy. Re statad
that b = 11.5 exp (~143,000/RT), 1This value for the activatio. ;:ergy ie
greater by a factor of two than that observed by Vasiler ot al." -7 Possibly
the rate detexmining step in Van Liempt's evaporation expariments vas not diffu-
sion, but rather & phase boundary controlled resction. This data has also baen
interpreted as reprasenting eelf-diffusion in tungsten. Cartainly, the tracer
technique of Vaslilar's is much preferred over the rate of eviporation msasure-
sants of Van Liempt as far as determining diffusion coefficienta is concerned.

Grube and Schmid.r(“) bonded pure iren to au iron-tungsten ailoy and
diffused them at 1280, 1330, and 2400°C. The sasples ware sectionsd and chemi.
celly anslyzed by conventicnal methods. The diffusion cosfficients are defi-
nitely a function of composition, Howevar, the concentration ozeelhata wie
analyzed by the Grude analyets,(27) since the Meteno analysia{Z iad not yet

‘been publishad vhan this work was done. Thelr data is listed in Tihie 6.

Treatwent ) Traatment 2 Treatmant 3

Tewp., 12009 Temp., 1330°% Tewp., 1600°C
Time, 26 hr Time, 18 by Tine, 7 br
Sur 420 W Coy 3.85% W c, MLV

10 1o
ol e [ox10!® | ¢ foxio
% (o) | (g w) | (enfunc) | (8 W) | (caZ/nac) | (& W) | (ca?/ane)

0.0025 | 3.2 3.95 342 ] 2ea ez | 2.6
0.0095 | 1.43 | 359 {259 | 242 [s.os | 194
0.0125|06.57 | c.07 [1.87 | 268 |2.41 ] 19.2

0.0175 { 0.10 3.46 1.20 23.2 1.08 20.8
0.0225 ' 0.79 26.3 0.97 2.2
0.0275 0.51 25.7 0.69 40.0
0.0325 0.39 63.4
0.0375 0.10 38.4
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This data does not lend itself to & d-te'mination of the activation energy,
because the temperature range is too narrow and there is too much scatter in an
Arrhenius plot.

e. Tungsten-Potassium

Boaworth(zg) measured the surface diffusion of potassium on
tungsten by the photoelectric emission method. The vaiues he obtained are tabu-
lated in Table 7.

Table 7

Surface Diffusion of Potassium on runglten(zg)

Tsw. zn
(°c) {co"/sac)
:.zso:‘F 0.57 x m‘5

580 10.0 x 10

780 280 x 10>

Tue equation
D« 0,43 exp (~135,200/2T)

is & §ood representation of this data. It should be noted that these valume
ars for lov potassium concantration. As the potassium concantration fncreased,

the diffusion coefficlent was obasrved to du,muaz This s tha opposite he

bavior from vhat was observed for tuageteu-cesium,(22) cungstea-tydrogen,(-6,19)

and tungsten-oxygen. (16,17

Diffucina of molybdenum iato polyc:!snlunn tungeten and
tungsten siagle crystals vas carvied out by Van mupt.( ) The wolybdanum wse
in the form of gaseous MoCly \vixed with hydvogen. Lsyers of the wetal wers
sachined off sod chemically .wlysed by stendard procedurss. The molybdacum
coucentration varied betwesn 0 and 20 weight percant molybdsnum.
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Table §

Diffusion of Mclybdenum ints Single Crystal
and Polycrystalline Tungstenllo}

Polycrystalline Tungsten
Tungsten Single Crystals

Tewp. | D x 102 | Temp. | D x,10'2 -

°¢) | (cm?/sec) | (°C) (cmzlaec)

1533 1.3 1533 0.26
1770 11.0 1770 1.12
2010 106.0 2010 22.0
2260 640.0 2260 78.0

'y

This dats fits the equations: e

)
Dltnsle crystal * 6.3 x 10 ~ exp (~80,500/RT)

~3
Dpoly crystal 5 x 10 ~ exp (~80,500/17).

Tha diffusion coefficient for tungsten-molybdenum diffusica may bs quite
dependant on conceatraticn due to the differences in melting poiats but no such
depeudance was raported, (This data was publishad before tha pudblication of the
Matano analysis.) A plot of log D ve 1/T is shown ia Pig. 1. N
R

Anothar valus was published for 2600°C at a later date by Van unpe:{: v
—6 zl‘ i o] oc
D= 1al0" ca"fssc (polycrystalline tungsten st 2400°C).

g+ fungsten-Sodium

(29)m surface diffusion of sodium on tungsten has besen deter-
uinad by Bosworth using the method of photo-slectric vmission. & samall

patch of sodfum vas placed on the center of a tungaten strip filament and hested
for variocus times at pre-detersioed tempecatures. The steip vas then traversed
with o well defined spot of light and the photo-glectric propertivs measured along
the strip. By thie method the following date in Table 9 was obtained.

&
| | - oo
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Table 9

Surfiice Diffusion of Sodiua on 'I'ungsten(zg)

Terp., | D ¥ 105 Temp. | D x 105

(E) j(cm“/sec)| (°K) (cmzllec)

293 j 0.8 500 50.0

350 3.2 520 77.0

375 6.0 535 128

416 i3.0 620 200

420 0.9 §90 270

430 30.0 740 310

450 3%.0 800 330

mgsévvclnu vare found to fit the equation
D= Q.1 exp (—5560/RT).

The data louks auite good and very completz. It would correapond to che
second adeorbed layer of tha tungsten~cesium system. That is, thas: wvas euffi-
cient sodium present so that Bogworth was not ssasuring diffusion voua the
bigher energy sites, but was weasuring true surfece diffusion.

ho ] W . bL .1
Swvalin and mrttn(az) preparad prassure weldad diffusion

couples of pure nickel and a Ni 1.3% W alloy. Spectrophotometric analysis on
lathe turniug was used to detersmine the conceatvstion gradisat.

Table 10

Tungeten-Nickel Dtffusion at Low Tungetan Cogonteium(az)

l?ﬁg ' D (cazlue)
1153 1,78 x 10 1%
1187 3.40 x 101}
1220 417 x 10}
1282 1.07 x 10720
1289 1.85 x 1010
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The variation of the diffusion coefficient wirh temperature may be expressed by

D= 11.1 exp (—76,800/RT).

Although the temperature range used in this investigation is rather small, the
dats 1s sufficlently good to limit the error i: the activation energy to + 1000
cal/mole. A plot of log D vs 1/T is shown in Fig. 2.

Allison end Hoore(33) evaporated H185 onte the gurface of nickel single
cryssais and large grained polycrystals in the temperature range of 1100 to
1275°C. The usual sectioning and countirg procedures were ugsed. Both single
crystal and polycrystalline data obey the equation

D = 1.13 exp (—71,000/RT).

The acatter in their resulis is quite small.

Specimens were also diffused between puve nickeil and a Ni - 4,9% W alloy.
This data fitu the same equation as above. A plot of log U va 1/T {s shown in
Figs., 3(a} and (b).

i. Tungsten-Siiicon

The growth of the W8i2 phase was obuerved ag n function of
temperature by Samsonov and Solennikova(38 for tungeten cylindexs packed in sili-
con powder. Using the analysis outlined under the tungsten-bos... nyuten,(3n9)
these investigators detexmined the activation enexgy for the process. No data
points were given and no Arrhenius plot was shown. The activation energy was
given as Q = 5,780 cal/mole vhich 4s excessively lov. Their results are probably
worthless for use as diffusion dats, but might have some practical value in
other applications.

§.  Tungeten-Thorium

Dughman and L‘ns-utr(ss) neasured the diffusion of thscium
in tungsten ns 2300°% uuingttha field emission microscope. They obtained D »
1.1 x 1079 cwé/sec at 2300°K, The activation energy was calculated by means of
the Dushman-Lengmuir equation as Q = 94,000 + 3,000 cal/wole.

Lnugnuir(se) obtained the dats in Table 11 Dy the same teachnique. These
valuze yleld sn activation esergy of Q = 94,000 cal/wole and D, = 1.13 cat/eac
which agress vith the value of Ref. 35.

3n

Laugsuir iotexpreted this data as belny representative of graio bound-

ary diffusion,

WADD TR 60-793 14




T °C

Pig. 2 - Log D vs 1/T e plotted for diffusion ia tungsten-oickel
alloys of high nickel concentration.(22)
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Table 1}

Grain Boundary Diffusion in Tungsten-
Thorium SystemiId)

fgg ‘ D (cm2/ sec)
2055 1.1x 10 0
2300 1.12x 107
2600 3.57 x 10 0
2500 €8x 10 °
(38) 11

Fonda, Young, and Walker found D = (1 + 0.2) x 10 cmzllec at 2400°K.
Lanymir(”j interpreted this data as lattice diffusion data and calculated Q =
120,000 cal/mole and D, = 1 from the Dushman-Lengwuir equation.

Froa data obtﬁ”d by Brattain and Becker ,(39) using an electron emission
technique, Langsuir calculaced Q = 66,400 cal/mole and D, = 0.47. This vas
interprated as surface diffusion.

1o suawary, the valuss stated by hnwir(”) are:

Dyurtace = 047 exp (—66,400/RT)

D

grain boundary 1.13 exp (~94,000/RT)

Dyaceice ™ 140 exp (~120,000/RT).

With the exception of the data of Ref. 36, all valuss of ihe activation
energy ware calculated by meuns of the Dushman-Langmuir equation from dats at
one temperature. This leaves some doubt as to the accuracy of the valussa given
for D, and Q. Unfortunately, there is no data svailable that was obtained by
the wore accurate sectioning or electron proba aethwds for comparisca.

k. Tyngsten-Uraniua, Tungeten-Yrtrium, and
Tungsten-Zirvconium

The seasurement of the lattice diffusion of uranium ytirium,
and zirconium {n tuugsten wes done by Dushaah, Dennison, snd uynoldl(u’ by ob-
serving the thermionic emission as « function of time. The sumples used were 4-
ail diamster filaments. YThe follouing diffusion daia was obtained at 2000°K:
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for uranium:
D=1.3x ld~11 cmzlsec

D = 1.14 exp (~100,000/RT)

for yttrium:

—8

D=1.82 % 10 0 cn?/sec

D = 0.11 exp (—62,000/RY)

for zirconium:
D =~3.24 x 107 cm’/sec

D= 1.1 exp (~78,000/RT).

Measurements were not mentioned for temperatures other than 2000°K (1727°C).
Hence, the D, and Q values were probably determined with the Dushman-Langmuir

equation, henee diffusion coefficients calculated for temperatures other than
2000 K are probably not on firm ground.

The data for diffusion in tungsten is sumewrized in Table 12.

B, Diffugion in Tantalum
1, Self-diffusion

Belt-diffunizn in tantalum has been measured by seversl invest!-
gators, Bager and Langmuir 0) activated a small volume of a tantalum strip in
the thermal column of the NRX piles and chen heated these strips in vacuum in the
temperature range of 2100 to 2800°K. The radiosctivity after diffusion was
measured along the lenzth of the strip. This data fitted the equation:

D = 2 exp (—110,000/RT).

A great deal of grain boundary diffusion was oblerveg by autorsdiogrsphic tech-
niques in ranples diffused at tesperstures ncax 1300 K. An attempt at messuring
surface diffusion by evaporating a surface deposit of radicactive tantalum on a

clean tantalum strip ylelded Dy, ¢a00 88 Delng approximately 107 times larger
than Digeetce at 1800°K,

Gruein and ugahkov(la) deposited 1.182 onto tantalur df{sce. Two discs
were then clasped tggether with their active faces in ceatect and diffused be-
tween 1200 apd 1300 C for times up to 320 hours. Their data is givea in Table 13.
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Table 13

Self-diffusion Data for Tantalum(la)

Tgmp. D x 1013
¢°c) (cm?/sec)
1200 1
1250 2.5
1300 7.6

Gruzin and Meshkov(az) at a later date stated that self diffusion in tan-
talun may be represented by the equation:

D= 1.3 x 10° exp (~110,000/RT).

This shows excellent agreement in the activation energy with the data of
Bager,(*o) but a censidersble discrepancy exists between the two values of D_.
Since the value of D, is normally expected to be in the rany i 0.1 to 10 for
self diffusion, Bager's value of 2 is probably the better value to vae,

2, Interstitial Diffusion

a. Tantalum-Boron

Samgonov and Latyahevn(a’g) using the technique described
previously under the tungeten-boxon system gave 2 value of

D = 5.92 x 10° exp [~(16,900 + 6,100)/RT].

The data is given ia Teble 14, The gruwth of the TaB, phase vas used for detex-
wining the diffusion coefficiunt over the tempersture range of 1200 to 2000°C.
As previously mentloned the validity of these values as diffusion data is very
questionable,

b. Tantalum-Carbon

Samsonov and th7lh¢V.,(8'9) eaploying the analytical
method found on page 3, found that the diffusion coefficient may be represented
by the oquatioan:

D = 1.98 x 10° exp (—(19,360 + 6,500)/27).
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Table 14

Tantalum-Boron Diffusion Dats Using the Analytical
Method of Samsonov and Latysheva

Temp, D Q D ¢-¢ D
5) (em”/sec)

(°c) 1(c-cy (cal/mole) (cmzlgec) (g/em

1200 | 11.8206 {16,90C + 6100 |1280 & 240 | 0.216

1300 27.3438
1400 44,1540
1500 65.9340
1600 86.3874
1800 99.6530
2000 § 125.5320

The data is given in lele 15. The diffusion coefficient over the tewperatuve
range of 1000 to 1800°C was evaluated by coneidering the growth of the Ta G
phase. A comparison of this data with the much morz asccurste data of Powers and
Doyle and others which will be presented further on, shows that the activation
enargy given by Ref, 8 is too small by & factor of two snd the D, va'us is too
large by a factor of 107. This serves as a measure of the caution = ¢ one
s.wald uge when considering the application of the data presented in Refs, 8, 9,
and 34,

Table 15

Diffusion Nata for Tantalum-Cerxbon 3!.t55(8.9)
Tamp, | D q v, % 0
(cy (- cz) ‘calfmole) | (cwl/uec) (g/cn ) (ca Iaec)
1000 | o 19,300 & 6500 3300 & 600 | 0.165 |1.98 x 10° exp (2202
1300 4.4715
1400 1.7640
1500 | 9.2400
1600 | 13,1450
1800 |} 20.9385
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In 1948, Ke(43) applied the megaurements of internal friction to che diffu-
sion of carbon in tantalum. A torsior penduium was used to measure the damping
in tantalum wire gspecimens which had beeu heat treated in a carbon containing

atmosphere.

The application of stress causes the interstitial soluticn in tan-

talum tc distribute preferentially in the lattice.

This redistribution of atoms

produces a damging peak in the curve of internal friction as a fugction of tem-
perature. Ke(43) and later Wert(44) located a peak at 140 to 150°C which they
attributed to the diffusion of carbon in tantalum. (Actually, the peak was showm
by Powers and Doyle(45,46) to be a result of the diffusion of small amounts of
oxygen rather than of carbon.) Ke obtained an activation eneigy of Q = 25,000
cal/mole, and Wert found that this data fitted the equation:

D = 0.015 exp (~27,000/RT).

Powers and Doyla(“z) found the internal friction peak for carbon diffu-
sion in tantslum to be at 324.9, 337.7, and 356.9°C for frequencies of 0.270,
0.538, and 1,330 cps, respectively. From theee data, the activation energy wae
found to be 39,600 cal/mole.

The most complete ionformation on diffusion of interstitials was tecently

published by Powers and Doyle.( Data wazs obtained by Loth internal friction
and elastic after-effects messurements. Tuis is sumsarized in Table 16.

Table 16

JTantalum-Carbon Diffusion Coefiicients as Uaterm’ .
by Yoternal Friction Mathods(a9)

. i D, Q
| Methad of Measuvssant (wzfgw) {cal/wole)
Tuternal frietion 8.014 ¢ 0,003 139,500 & 200
Blastic aftcr-eftecss {0,005 ¢ 0.60) 38,400 ¢ 200
CembsLigd 2.0061  0.0012]38,510 + 280
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A plot of tha log of the relaxation tiwe vs L/T°R for thewe values && L1lae-
trated in Fig. 4. Thie date s of excepticozlly good quallty, aud the sbeende

4o the literature of wurs of thia caliber work is most noticeable,

A theory has deen presented by re:w“‘” for calculatdng the diffueion of
faterstitisis {ato budy-centersd cudic metais. A theorstival value s cvaluated
by vaing the elastic constants of the wmatcix oetel and the tateratitisl atom
diemster. The vaiues arrived at for diffusicn of caybon in tantslum are:




RELAXATION TINES, ¢ (SEC)
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Fig. 4 « Relaxation times for stresg-induced ordecing
va 1/T for saveral alloys.
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Q = 42,000 calfmole,
2
D = 0.009 cm /sec,
These coupare quite favorably with the values obtained by Powers and Doyle.

¢. Tantalum-Hydrogen

The weight gain of tantalum heated in hydrogen was measured
by Gulbransen and Andrews{30) as a function of time and temperature. At least
twoodifferent rate laws were found to be operatiag. However, batween 700 and
900 C a parabolic rate law appeared to exist. The authors felt that the sensi-
tivity of the hydride veaction to surface fllms and the lopuiiiirs aad Jahgrnge-
neities in the metal made an evaluation of a diffusion coefficieat, difficult.
The data may be of interest for reaction rates, but no diffusion data is pre-
sented.

(49)

Using the theory of Ferro, Do and Q may be calculated as:

Q = 6,800 cal/mole,
2
D, = 0.0009 cm /sec.

In the absence of good experimental values, these may serve as an urder of magni-
tuda answer. .

d. ZTantalum-Oxygen

Diffusion of oxygen in tantalum has been meegured by thv-.
different techniques over thres different temparature ranges. Internal friction
measurements have been made in the temperature intervalof 50 to 350°C, weight
gain measurements from 250 to 330 C, and microhardness measu.emsnts on concentra-
tion gradients from 700 to 1400°C. Agreement is quite good over the entire iem-
perature range,

Re,(as) using the internal friction method, found th: activation energy
to be 29,000 cal/mole in the temperature range of 15¢ to 170°C. He found that
the relaxatlon process had wo single relaxation time as in the other diffusion
processes measured by this method., This was interpreted by the author to mean
that the atoms are at hoth the octshedral and tetrahedral positions, while ia
the other cases the atoms are at only the octahedcal sites.

Since Ke's value of Q is alighrly larger than that obtained by the othar

luavestigsators, he wight have had a laxge asount of oxygen or some amount of nl-
trogen in his sample. A lsrge oxygen conteat or nitrogsn ¢outent can roise the
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(46) 1.

observed activation energy for oxygen diffusicn [Powers and Doyle This

may also explain why Ke observed no single relaxation time.

Powers and Doyle(45’46) obgerved that the interncl friction in tantalum
arising from the diffusion of interstitially dissolved oxygen at low concentra-
tions could be described with & single relaxation time, but at higher oxygen
coucentrations the experimentally determined internal friction curve became
broadened and skewed, with the internal friction considerably higher on the
high temperature side of the peak., The same behavior in the oxygen pesk was
produced by small additions of nitrogen. A summary of their dats is given in

Table 17.
Table 17
Tantalum Diffusion Data of Powers and Doxle(“é;
FPrequency of |Reciprocal [Activation t
System Applied Stress|Peak Temp. Energy (101“7aec) Comments
- (cps) (/T x 103)| (cal/mole)
0 in Ta 0.285 2.494 Q = 25,900 from
(low conc. 0.612 2.438 25,800 0.5 pesk breadth
0.015 wt. R) 1.673 2,358 wmoasurement.
Q= 27,800 is some
0 in Ta 0.266 2.431 svr-age of that
(high conc. 0.559 2,381 27,800 0.1 .. normal Te=0
0.12 wtt. %) 1,541 2.305 peak and the 0-0
{ {nteraction peak.
0.293 2,492
Low 0 cong. 0.8%1 2.408 26,100 0.3 Nezral oxygen peak.
Righ N conc. 1,722 2.357
(0.0225 wt. %0 » '
0.292 2,175
0,08 we. % N) . Oxygan=nitrogen
0.891 2,191 27,300 1.0 . " :
1.922 2.147 intevaction pesk.
N 10 Ta g:gg e Q = 37,000 from
(low conc. 0'927 1.625 37,500 0.8 peak breadth
0,02 we, %) 1.662 1.596 weasurasant.

Thus, ssall coucentration differences and small ssounts of a third element
may significantly change the diffusion coefiicients cbtained by this technique,
Thic may ssrve as part of the roseson for tne relatively small disagresment be-
tween the diffuntion coefficients chtained by the different invastigators usiog
the inteinal friceion method,
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Ang(SI) used both the torsion pendulum and a high frequency method for
his internal friction measurements. This allowed him to take data over a large
temperatur: range, 155 to 355°C. He obtained D, = 0.0190 cm®/sec and Q = 27,306
cal/mole. Marx, Baker, and Silvertsen(52) using only the high frequency method
reported the same volues as Ang, '

The most recent work of Powers zad noyle,(as) listed in Table 18, gave dif-
fusion coefficients for oxygen diffusion in tantalum obtained by internal fric-
tion, elastic afteg-effects, and peak breadth measuremants over the temperatute
range of 50 to 150°C,

Table 18

Diffusion Data for the Tantslum-Oxygen Systew a:
Determined from Iantecuial Friction Measurementsl<d/

pe——

Method of Meusurement ]

Q
(cm 7sac) (cal/mole)

Internal fxiction 0.006 + 0,002 |25,700 + 300
Elastic after-effects |0.0038 + 0.0007 |25,400 + 100
Combined 0.0044 + 0.0008 (25,450 + i3C
Peak breadth 25,000 & 300 |

The log of the relaxation time vs 1/1°K for this dats is also plotted {u
Fig. 4.

huo(“” obtained theoretical values of D, = 0.004 cnzluc acd Q = 29,000
cal/wole vhirh are in good agreement with ths experimental data.

o The diffusion of oxygen in tantalw in the tnpettwu range of 700 to
1400 C was waasured by Gebhardt, Segheszi, and Stegherr 53) by loading band
shaped spacimans vith gus at one end and then allowing diffusion to ocour,
Nicrohardasss messuresesrs were uned {u deleimine tha concentration of oxygen
as & functicn of distance aloag the band. Their data fitted the esquation:

Dw 0-015 exp (-26,7m/11').

which is iu superd egreement with the iaternsl frictica data at much lower tam-
paratusras. These results are plotted in Pig. 5.

Culbransen and Andrev (30) neasured the weight gein of tantalum heasted in
oxygsn as a function of time and temperature. The rate lew for the rate control-
liug etup was found to be paradbolic (probably diffusion). Over the tempersture
vange of 250 to 450 C the relationship fullowed wac:
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D=8x 10° exp (~27,400/RT).

Figure 6 shows a plot of log D vs ]./'I‘OK. for this data.

The diffusion of oxygen in tantalum over twelve orders of magnitude is
seen in Pig. 7. The data of Gulbransen and Andrew(3U) was obtained by the least
raliable technique of the three methods, so not as much weight has been applied
tc this data in drawing the curve in Fig. 7. Such good agreement over a wide
range of temperatures is most remarkable

e, Tantalum-Nitrogen

By using internal friction measurements, Ke(as) found that
activation energy, Q = 44,000 cal/mole, for diffusion of uitvegen in tantalru,
This value is somewhat larger than that found in the moie precise worh ur Fowers
and Doyle.

Powers and Doyle(ae) obtained a value of Q = 37,500 cal/mole over the tem-
perature range of .20 to 350°C. This was for samples containing 0.02 weight
percent nitrogen. For samples containing 0.0225 weight percent oxyger and
0,08 weight parcent nitrogen, they found that the oxygen peak was moved such
that § wes 26,100 cal/mole instead of 25,800 cal/mole, Also a peak was found
with an activation energy of Q = 27,300 cal/mole, due to the oxygen-nitrogen in-
texactiona. This data is suzmarized ia Table 17.

Ang,(SI) utilizing both the torsion pendulum and high fresuency methods
for internal friction measurcments, found that D, = 0,0123 cm’/sec and Q =
39,800 cai/mole over the rather large temperature range of 360 + 662°C, Good o
agreement with Ang's work is given by the data of Marx, Baker, and 8ilvertsen(32)
which was obtained with the high-frequency method.

The most xacent work of Powers and Doyle,(aa) given in Table 19, reported
the diffusion coefficients for nitrogen diffusing in tantalum obtained by inter-
nal friction, elastic nfcer-sffectl, and peak bresdth measurements over th: time
perature range of 190 to 350°C,

Table 19
Tantelum-Ritrogen Diffusion Coefficients

D Q
Method of Mzasurement (cm27.ec) (cal/mole)

Sl
Internal friction 0.0042 + 0.0020]37,500 + 500
Elastic after-effects { 0,0060 + 0.0010]37,900 + 200

Combined 0.0056 + 0.0010{37,840 + 200
Peak breadth 37,100 + 400
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The log of the relaxation time vs 1/1%K plot for this data is given in Fig. 4.
Ferro\qg) calculaied a theoretical value of Dy and Q for diffusion of ni-
trogen in tantalum using the elastic constants of the matrix metal and the in-
teistitial atom diameter. He cbtained Q = 35,000 cal/mole and D, = 0.008
/s8ec. These results are in quite fine agreement with the better experi-
mental values.

Gulbransen and Andrew {50) measured the weight gained by a tantalum strip
heated in nitroger as a function of time and temperature. The activation energy
of the rate limiting step (assumed to be diffusion) was found to be Q = 39,400
cal/mole, Measurements were made over the temperature range of 500 to 850°C.
The log D vs 1/T curve is linear from 600 to 850°C, but at 500°C diffusion may
not be the controlling mechanism.

3. Substitutional Diffusion

a. Tantalum-Iron

The diffusion of the iror isotope Fe59 into fantalum was
measured by Vasiler, Karmardin, Skalskii, Chernomorchenko, and Shuppe.( 23§ Fe39
was added by electrolysis of FeCly onto slabas of tantalum 130 sa? in area and
0.4 mm tpick. Data from the four temperatures investigated (1514, 1313, 1254,
and 1203°K) may be represented by the cquation:

D = 5.05 x 107" exp (~71,400/RT).

The authors estimate their error in D as being 30%.

b. lum-8ilico

Samsonov and SOIonntkova(aa) appiied the analytical mett:.
described under tungsten-boron diffusion (page 3) to the rate of girowth of the
TaSi, phase. Au "activation energy” ié given as Q = 6,040 cal/mole. This value
is exceptionally low snd, as previously stated, the value of this data {s ques-
tionable,

c. Tantalum-Niobgum

Preliminary data of this author gives D = 5 x 10 15 cn?/aec
at 1100°C. This value was obtainad by diffusing a sandwich couple composed of
the pure matals for 16 days at 1100°C, The concentration vs panetration curve
was weagured with the electron probe, Because of the very steep concentration
gradieat obtained under these conditions of time and temperscture, the data is
somevhat questionable, but is given solely due to the lack of othar data in this
systea.

Tantalus diffusion data i{s summariced in Table 20,
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C. Diffusion in Molybdenum

1. Self-diffusion

The self-diffusion of molybdenum has not been measured, but may
be estimated from high temperaiure creep data and meltfng point relations.

\
The high temgetature creep date of Patke(56’ has been analyzed by Orr,
Sherby, and Dorn. (37) They found the activation energy for high temperature
ereep of molybdenum to be A H = 120,300 cal/mole.

From the plot of activation energy for self-diffusion vs melting point
shown in Fig. 8, Q may be estimated for molybdenum ag Q = 105,000 cal/mole.
LeClaire(58 suggested theemperical formula, Q = 38 Ty, where Ty is the melting
point in °K. This agrees quite well with the curve in Fig. 8. From this rela-
tion, the activation energy for self diffusion in molybdenum is given by Q =
110,000 cal/mole.

Nachtrieb and ﬂandler(sg) stated the erical formula Q = 16.5 A\ H¢
where A H¢ is the heat of fusion. Kelley(ggg estimated A\ Hg = 6,660 from
vapor pressure mesguremenis which gives Q = 110,000 cal/mole for self diffusion
io molybdenum.

LeClaite(lgo) developed a rather complete theoretical treatment of self=
diffusionr trom which he calculated the equation

D = 16 exp (-120,000/RT)

for the self diffusion of molybdenum. This value of the activaiion energy
ayrens well with the activation energy for high temperature creep and with the
estinates from the empirical formulasof LeClaire(58) gnd Nachtried and Handler
atated above.

2,  lnterptitisl Diffusion
8. Molybdenum-Roren

The diffusion coefficient of boron in molybdenum was deter-
nined by Samsonov and Vetysheva8,9) (using their method dasceibed on page 3)
from the recorded rates of growth of the HozB phase. Their values fit the equa-
tion

(59)

D= 4.7 x 107 exp [~(16,300 + $,400)/xt]

over the temperature range of 1100 to 1800°C. The data ie shown in Table 21.
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Iable 21

Data on the Diffusion of Boron ia Holybdenum(s’g)

k1

Temp. D Q T c-cC D
(°C) (C - C3) | (cal/mole) (cmz/gec) (g/c-g) (.‘:nzlr.ec)
1160 | 0.2910 | 16,300 + 5400 | 1300 + 260 | 0.281 |4.7 x 10° exp ('1‘:;08
1300 | 6.0340
14500 | 7.2567
1500 | 9.6940
| 1600 | 10,7184
1800 | 18.6644

Sauonuv(w) ic an sarlier paper gave the activation energy as Q = 12,200 .
cal/aole. The dependability of the duia of these investigators has previousiy
been discucssd and shown to be questiocaable.

5. MNolyhdeoum-Carbon

\ )
Samgonov and l.atylhen(a’g‘ megsured the growt: of the Mo, C

phase aver the temperature rauge of 1200 to :000°C. By spplying the urevicusly
describel anclysis, they obtained

D« 2.26 x 10° exp [~(33,400 + 10,300)/n1).

The data is tabulated in Table 22,

Data Obtefned by § and Latysheva gg
wsiffusion of Cerbon in Molybderun(8,9

Tesp.| D q o, |c-c o
¢c) (¢ - cz) {cal/mnle) (euzluc) (;Ic.s) (mzluc)
1200 | 0 33,400 4 10,30{%,T0 + 7400 o.oss‘ﬂ 2.26 x 100 exp (A
1500 | 3.9712
1600 | 9.7920 !
1700 | 16.2560
1800 | 21.4400 o

wADD TR 60-79) k})




c. Molybderum-Hydrogen

By heating & closed end evacuated molybdenum tube in hydro-
ger, Smithells and Ransley(61) calculated the diffusion of hydrogen in wulybdenum.
The amount of hydrigen passing through the tube wall was measured very accu-
rately. Varying the pressure from 1.68 mm to 126 mm chaaged the diffusion coef-
ficient from 2.3 x 10 2 to 23.9 x 1072 at 1673°K; howover, the activation energy
stayed constant., The units of D are the volume of gas in cm3 at N,P.T. diffusing
per second through 1 en? of surface and ! mm thickness. Although the units of D
are somewhat diffeveat, the activation energy (Q = 20,200 cai/mole) slould be
cousistent with more conventional measurements.

More recently, Rill(xss) determined the rate of diffusivity of hydroger in
molybdenum from measurements of the rate of gas evolution from hydrogen dopec
specimens. The molybdenum samples were hested in hydrogen at 1 atmosphere pres-
sure at temperatures from 1280 to 1700°C and then quenched in water. These sam-
ples were then heated in vacuun over the temgerature range 575 te¢ 98UZC duitay
which the smount of evolved hydrogen was measured. Their data may be described
by the equation:

D = 0.059 exp (—14,700/RT).

This data appears to be more reliable as diffusion data than that of
Ref. 61,

d. Molybdenum-Nitrogsn

Smithells and lanaley‘61> measured the diffur!  » of nitro-
gen in molybdenum using the techniques described under molybdenvz.-nydrogen dif-
rusion, They found that varying the nitrogen pressure gave diffeavent values of
D, but the activation energy remained constant. Changing the pressupe from 4.4

me to 130 ma caused D to vary from 0,39 x 109 to 2.1 x 10°° at 1773°K, Their
data for P = 130 am is given in Table 23, : : :

Table 23

p_l‘ﬁ. on the p&ff\llion of ﬂigrgge!! ia uﬁllzbdtﬁ!|(6k)

Tﬂp. ? Temp. 7
(OK) Dz 10 (gx) Hx 10
SR}
13723 0.78 | 1/ 16.5

1423 1.08 | 1770 20.6
1673 2.12 | 1823 44,2
1573 6.10 | 187) 51.8
1673 10.80




The units of D arz the volume of gae in cm3 at N,P.T. diffusing per second
through 1 em? of surface and | mm thizkress. The activation energy obtaired
from this data is Q = 45,000 cal/mole.

Utilizing the data of Maringer and Muchlenkampf, (95) the activation en-
exgy for diffusion of nitrogen in molybdenum can be cclcudated by the method of
Wert and Harx{36) from the temperature of tae internal friction peak. ‘This
gives Q = 53,000 cal/mele, s somewhat less relisble value than that of Swmithells
and Ramsley, but the apreewent is wol bad.

Fetro’s(ag) calculations for the diffusion of interstitial into body-
centered cubic metals using the elastic congtants of the metal of the watrix
and the iaterstitial atom diameter, gives the activation energy for diffusion
of nitrogen in molybdfnum as Q = 55,000 cal/mole, This compares favorably with
the value for Haringur 8(93) data but somewhat less favorably with the data of
Smithells et al.(

3. Subgtitutional Diffusion

a. Molybdenum Cobalt

Byron and Lambert(g ) prepared diffuaion couples composed
of conceatrls: c¢ylindexrs with a pure cobalt rod in the middie and a pure nolyb-
denum cylinder bonded around it. These vere annealed at 300, 1100, and 1275%
and the diffusion coefficient determined from the rate of gtowth 5 the diffusion
zene., Samples were also prapared betveen pure solybdenum and o - 3.42% Co alloy.
Thase wre diffused at 1500 end 1700°C. The diffusion gradiem: was deteradned hy
machining off layers and chenical snalysis. By applying the Halenv anatysia, D
vag shiowa to be constart betwean O and 3.A% Co ia mo!ybdanuﬁ The.s resuite ars
given in Table 24.

Table 24

Holybdenum-Cobalt Diffusion at Hish

'(caz?iEe}

Iﬁ;l.u 1Q“1§
1.8 x 1071
RN
FRUEE ad)

1700 1 oaerx 0V

These values may be expressed as the relaties:.

D= 282 x 107" sxy (+34,80088),
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The data in general is rather poor. The concentration gradients, when de-
termined, had insufficient points to draw a curve for a Matano aualysis, and the
log D vs 1/T plot has much more scatter than nuimal.

b. Molybdenum~Iron

59 Nziwan and Shinyaev(gs) measured the diffusion of radio-
active irsn (Fe™ ") into iron~molybdenun alloys (24, 33, 40, and 48 atomic per-
cent melybdenum) at temperetures of 1106, 1148, and 118£ Layers were removed
by slectrolytic polishing from the samples after annealing, and the radiosgctivity
was counted. Log D vs atomic percent molybdenum, Q vs atomic percent molybdenum,
log Do vs atomic percent melybdenum, and log D, vs Q are plotted in Figs. 9, 10,
11, and 12 respectively. They showed that

1u Do =aQ+b

-3

where a = 0.32 x 10 © and b = 22 for the systems iron-molybdenum and iron-nickel.(qg)

The existence of the Fe3!»(o2 phase is strongly reflected in the Q and D,
values.

The data on first appearance looks very good. However, except for the 40
atomic percent molybdenum print, all their data points are vaken in a two-phasud
region, which is not mentioned in the article. This makes the data of little
value, since all they are showing is the change in the percent oi the alpha and
cpsilon phases in their semples which could be obtained from the phvse diagram.

Grube and Lieberwirth( 100) prepared diffusion couples bctwocn iron-molyb-
denum alloys {6 - 12% Mo) and pure iron for diffusion at 1200°C. Slices were
mschined off and chemically analyzed, The diffuaion coefficient was determined
from the concentration gradient by the Gruie method. No composition dependance
is reported. The diffusion coefficienf was reported as

D=2.3-3x10° cu?/aac at 1200°.

am(IOI) carried out diffusion meagurements on samples of pure iron bonded
to iron-mwlybdenum alloys of 0 - 6% Mo. The samples were diffused at tcnp¢tl~
tures of 931 to 1265°C, sectioned, and chemically analyzed. The data is given
in Table 25. The log D w3 1/T piot can b seen in Fig. 13. In general, tha
data is quite good, but there were only two temperatures used in the molybdeuum-
alpha iron investigation.

The vollowiuyg relationships were found to hold:
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Mo-Fe

D = 0.068 exp (—359,000/RT)
Mo-Fey with 0.4 wt, 2 C

D = 0.091 exp (—59,000/RT)
Ho-Fea

D = 3.467 exp (=57,700/RT).

Table 25
Molvbdenum-Tron Diffusion st Low Molybdenum Conccntmgtion(IOI)
Initial
RES TN bR b= 3 R P
c (:2

0.532 | <0.005 | <0.03 | 2305 Y 3.12

0.540 | <0.005 | <0.03 | 2204 Y 1.42

0.550 | <0.005 | <0.03 |} 2104 Y 0.613

©.540 | 0.145| 0,38 | 2305 Y 3.62

0.520 ] 0.145] 0.44 | 2204 ¥ 1.63

0.330 | 0.145] 0.47 2104 Y 0.73

1.470| 0.000{ 0.25 | 2301 Y 4.1

3.607! 1.928| <0.03 | 1708 o 1.23

0.585, 0,004 ) <0.0% | 2300 Y 2.40

1.475 [ <0.005 | 0.35 | 1708 Y 0.0189

10291 1.958| <0.03 | 2301 o 216.0
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c. Molybdenum-Niobium

Birks and Seebold( 02) ran a diffusion couple of pure
nicbium-pure molybdenum at 1100°C for 46 hours. The penetration curve was weas-
ured with the electron probe microanalyzer. The concentration gradient extended
over a distance of 6 microns which is considerably too small to get suflicient
data to analyze by the Matano method. However, the diffusion coefficient, as a
function of composition, was determined by the Matan wothod. These values are
shown in Fig. 14. A re-evaluatiown of this data demenstrates that the D vaiues
given are a factor of 103 too small. This correction has been made in Fig. 14,

D varies between 3 to 7 x 10714 at 1100°C over the composition range of Q0 to 007
molybdenum,

d. Meclybdenum-Nickel

Budde(IUj) measured the diffusion between pure nickel and
nickel-molybdenum alloys up to 20.8 atomic percent molybdenum. His data is
listed in Table 26

Tabie 26
Data for Nickel-Molybdenum Diffusion(103)
Temp. 2D
( C) (em®/gec)
1120 1.43 x 10710
1290 1.03 x 10

and way be represented by the equation:
D = 0.0134 exp (-50,800/RT).
Since this investigation war carried out at only two temperstures, the D and Q
values are guite uncertain.
Swalin, Nertin, and Olnen( 104) carried out diffusion between pure nickel
and Ni - 0.93 at. % Mo alloy at temperaluves ranging from 1150 to 1400°C. The

samples were sectioned and chemically analyzed. A plot of log D ve 1/T for this

data 1s shown fo Fig. 15. The ditfusion-texperature relation for this system
may be givea by

D = 3.0 exp [-68,900 + 1,000)/RT).

Goud preclsion his been obtained by cereful cxperimencetion,
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¢,  Molybdenum-Titanium
Sh (105)
ewmon and Bechtold measured the magnltude of the
Kirkendall effect in molybdenum-titanium diffusion couples, Couules were pre-
pared with the pure metals end ThO2 was included as the markers. No diffusion
coefficients were measured. Their data is tabulated in Table 27.

Table 27

Kirkendall Marker Movements in #olybdeaum-
Titanium Diffusion Couples{103)

Tgmp\ Time %

(C) (min) (in.)
1470 4135 10.7 % 10 °
1605 380 8.9 x 102
1640 120 6.8 x 10 2
1400 3228 4.9 x 1073

1f the markers are assumed to be at the scame concentration for each sample, and
2
since % =2y JﬁiE for any composition, then a plot of log 5; va % snouid give

the activation energy. This treatment yields & very good straigut line with Q =
101,500 cal/mole, a value which should apply for a compositicu somewhat greatsy
than S07% titarium since the markers moved into the titanium. Such & value ia
aot untealistic buc may be somewhat large.

Diffusion has been carried out by Goold(‘oe) betwean pure titanium and a
T4~ 8.1 at. % (15 wt, %) Mo alloy at 938 to 1248°C. Samples were sectioned and
chemically analyzed. The diffusion coefficient was determined as a function of
congentration by a-ans of the Matano snalysis. 7Th0, markers were included =
some sumples in order to determine the intrinsic diffusion coeffictents. D as a
function of astomic pervent mclybdenum §5 shown 4m Fig, 16, For 1 at. A Mo, D
may be given Ly the formula

D= 1.0 x 10 exp {~(26,000 + 3,400)/RT}.

At 125000, the intransic diffusion coofficients for 96 at. % TL are:

DT! “ 6.72 x lO..9 cmzldnc

—9

uhn = 3,95 x 10 cwzlsnc
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Although the data was taken with great cave, the activation energy is
quite small compared to other diffusion data with molybdenum or titanium. A
full description of other titanium data is given later in this repori.

f. Molybdenum-Thorium

Nelting(107) using the thermionic emission method, obtained
the values for diffusion of molybdenum in thorium listed in Tuble 28.

Table 28

I Diffauion Coefricients for Diffusion of Molybdenum in Thorium(1°7)

' D Temp.
(cm?/sec) (°c)

{3.6 x 100 1 1615

- -9

! 2.3 x 10 1700

1% 108 2000

If log D ve 1/T is plotted for this data, one finds that Q = 176,000 cal/uole.
This is exceptianally large which leads one to doubt this data.

g8 Malyhdenum-S8ilicon

Jemsonov and Solonnikovn(aa) applied the snelysis descridbed
. under tungaten-boron diffusion (page 1) te tha vate of growth of the MoSi, phase.
e i An activation enexgy was glven as Q¢ = 9,470 cal/wole. The doubtiul vulidgcy of *h>
‘ AR work of thzse anthors has been discussed earlier in this paper.

e, ' , h. Holyhdenum=h: anlin
A vexy complete favestigation of the diffusion 1?16&5
wolyhievus-uranium system has beeni cerried cut by Adds and Philidert. Prea-
¢ sure bonded diffusion couples were prepored botwsen pura yranium and an alioy of
: U - 30 at. ‘i Mo. Diffuaton annesls wers carrisd out betwewn B850 and 1050°C, and
Je concant:ation gradients wre datexwined with the electron wicrobeam probe.
The diffusion coefficlents snd the setivation energies wero determined as a fuuic-
tion of the coccentration. Thic data is given in Table 29 zad wuy be seen tu
Figs. 17 snd 13, A . _

Intrineie diffusicn coefficients wers siso measured. This dats is sus-
warized to Tedble JU and (e shown grephlcally fn Plg. 19. The cire vith vhich
these exporiments veve perforwed is veflected in the high quality of the data.

A sumary of diffusicn iu wolybdenus {e given i Teble 31,
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D. Diffusion in Niobium

1, Self-diffusion

Resnick and Castleman(ga) vapor-plated Nb95 onto niobium shect
by hydrogen reduction of NbCls. The specimens were annealed in pairs withoche
active surfacer facing each other in the temperature range of 1585 to 2120 C.

A log D vs 1/T plot of this data is shown in Fig. 20. Although there is a fair
amount of scatter in this data, a sufficient number of data points have been
taken to give a good sverage value., The data fits the equation:

D = 12.4 + 0.8 exp {—(105,000 + 3,000)/RT].

This activation ener§y ia in excellent agreement with the values predicted frow
the melting point(38) and from the heat of fusion(59) of niodium.

2. Intergtitial Diffusion
4. Niobium-Boron

Samsonov and ucylhwa'n(e'” technique (page 2 ) was used
by them to determize the "diffusion coafficient' of boron in niobium from the
neasured rates of growth of the Bbaz phase. The relationship found was:

D = 4.7 x 10° exp [=(16,300 + 3,400)/AT]

ovar the tecperaturs vange of }400 to 2000°C. The data s given in Tadle 32,
The validity of the data of these iavestigators has previously baen discussed
and shown to be quastiouable.

Table 32

Niobium-Boron Diffusion Data Using the Analytical
Nethod of Samsonov and Latysheva(D,

'l‘sup. D q D C - c?‘)

B
(c) | -cz) (cal/enle) (cuzlgac) 1 (c-zluc)

1600 | 5.0550 |14,130 + 4900 | 1420 + 280 | 0.256 |5.62 x 105 exp ("-—‘--““l.“)

1600 9.5450
1300 | 12.1980
2060 | 14,0530
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b. Niobium-Carbop

Samsonov and Lafyshevaka’g)omeasured the growth of the Nb)C
phase uver the temperature range cf 1000 ro 2000°C and by applying their analy-
s18, they obtained:

D = 3.14 x 10“ exp [~(18,900 + 5,700)/RT].

The data is shown in Table 3i.

Table 33
Dara on the Diffusion of Carbon in Niob&gg(8’9}
Temp.| D Q D, ¢ - G D -
(C) | (C-C)| (cal/mole) (em?/sec) {g/emd) (cn®/uec)
: ===u========%====u:=zxa================s======$
4 =18,900
1000 ¢ 18,900 ¢ 5700| 2120 ¢+ 400 | 0.067 | 3.14 x 10 exp ("7—§¥-)
1300 | 4.8950 '
1400 6.7650
1500 9.5590
1600 | 13.2000
1800 | 16.7200
1900 | 19.6900
2000 | 21,9450 )
o te—y
wart(&“) measuring internal friction wilh the torston pendulus, found rhar

diffusion of carbon in atobium fiteed the equation:
D = 0.015 exp (—27,000/a%7).

This activation energy is somevhat lowsr than the more accurate dats of Powers
and Doyle(48) and may be due to oxygen contemination of the ssmple. Oxygen dif-
fusion has an aciivetion energy avound 17,000 cai/wole.

Internal frici{gg atssutements with the torsion pendulum were carried out
by Powers snd Doyle ?) on nioblus taaples contatuing carbon. The carbun cone o
tent was 0.013 wi. L C., HNeasurements wver: made at 237.5, 238.3, 259.3, and 261.6°C
at applied frequencies of 0.155, 0.165, 0,568, and 0.710 cycles pur second respece
tively, Their dats ssy be represented by:

WADD TR 60-793 62




D= 0 0046 exp [-(23,360 4+ 900)/RT].

The error in Q is slightly larger than usually found in {nternal friction work,
but this is due to the rapid aging of the carbon peak.

The most recent work of Powers and Doy]e,(AB) given in Table 34, reported
vie diffusion coefficients of carbon in niobium obtalned by internal friction o
and elastic after effect measurements over %he temperature range of 140 to 261°C.

Table 34
Diffusion Coefficients for the Niffusion of

Carbon in Niobium as Determined, .
by Ircernal Friction Measurements(%C)

Q

- » D
Method of Measuremecn: (cmzlgec) (cal/mole)

Internal friction 0.0050 + 0.0050} 33,200 + 900
Elastic After-eftects |C.0033 + 0.0005/33,000 + 100
Combined 0.004C + 0.00C7}133,020 + 180

The Loy of the relaxation 'ime v 1/1°R For this data fs ple-*~d in Fig. &,
A comparison of this superb data wi*h ‘hat of Samsonov and Latveleva once again
shows the doubtful validity of the wock presented in Refs. 8, 9, and 34,

¢. Niohium-Hydsogen

MY

Gulb-anaen and Andrev($t) measured the weight gain of nie-
biwa heated In hydrogen as a {unc/lon of *ime und temperature, The veaction was
obsgrved to start ax 250°C and 'he cue increased as “he *lme progressed. At
300 C, the curve of weigh! garwed v time was linear. AY 350°C, the rate de-
cressed as the time progresaed, Above Jbtuc, the sample lost walght as the low
teapatutiure hydride decomposed. Bedveen 700 anrd 900"6, the rate followed & paves-
bolic law and probably wvae di ffuslon conztolled la this tenperature range. Ko
di ffusion coebitclent was gien due .o the differen. reaction rates at the dif-
ferent tenperazures.

_Albrecht, Goode, end Hclle:t(llu) rvaluazed the absorption of hydrogen by
niobfum, This was steted to be diffusion conurolled (ubeyed & parsbolic rate

faw) between 600 and 700°C, and thercfore date vas taken at 600, 650, and 760°C.
-The relstionship obtained wae

D = 0.0216 exp {=(9, 3/ + 600)/RT].
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The data appears to be very good, but in view o. the results of uibransen
and Andrew, caution should be uzed in applying the data outside the 600 to 700°C
temperature raunge.

Applying the theory of Ferro(ag) to the diffusion of hydrogen I(n niotfum,
.the following thzoreticui diffusion coefficient can be calculated:

The success of this theoretical treatment ia other systems has »zen excepiional,
but the agreement in systems with niobium will be seen to be less than satis-
factory.

d. Niobium-Nitrogen

Povers and Doyle(log) cartried out internal friction measure-
ments with the torsicn pendulum on niobium samples containing 0.0184 and 9.0215
weight percent nitrogen. These two nitrogen contents gave the ssme diffunion co~
efficients, Measurements were made at 267.3, 274.4, 285.5, and 295.2 °% at ap-
plied frequencies of 0.349, 0,342, 1.005, nnd 1. 728 cycles per second respec-
tively. Their data fitted the equation

D = 0.0072 oxp {~(34,300 ¥ 200)/RT).

The diffusion coefficients of nitrogen in niohium obtained by ) ‘ternal frictien,
elastic af: .. uff.ctﬂ' and peak breadth measurcwents over the t+  rature range
of 150 to 295°C, reported in Powers and Doyle's(98) wmost veccur work, are shown
in Table J5.

Table 33

Nicbfum-Hitrogen Niffusion Data of Puwers and Doxle(“)

Q
Hethnd of Neswurcomnt (cmz?cec) (cal/mole)

Internal Priction 0.008% + 0. 0020 34,800 + 200
Elastic After-effects |0.0087 + 0.0008 35,000 & 100
Combined 0.0086 + 0.0007 |34,920 + 90

Peak Breadth 34,5060 + 100
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The log of the relaxation time vs 171 plot for this data is inaicated in
Fig. 4.

Marx, Baker, and Sivertsen(sz) extended the temperature range of internal
friction measurements by employing a high frequency metitod. By using both the
torsion pendulum and the high frequency method, measurements were made over the
temperature range of 285 to 583°C. They reported an activation energy of Q =
35,700 cal/mole from this data. This is in fine agreement with the above men-
tioned work of Powers and Doyle.

Ang(SI) made internal frictiom meagurements with the torsion pendulum
over the temperature range of 285 to 310°C and the values are zelated by:

D = 0,980 exp { -38,600/RY).

The weight gain of a niobium snample heated in nitrogen as a function of time
and temperature was determined by Gulbransen and Andrew. (30) The rate limiting
process was assumed to be diffusiuvn, due to the parabolic relationship bn!ween
wveight gained and time over the temperature range investigated (400 to 800 c).

A value »f 9 = 25,400 cal/mcle was reported.

Albrecht and Guode(lll) measuraed ihe abgovption of nitrogen by alebium.
Their data was fcund to fit the equation:

D = 0,061 exp {—38,800/RY).

The dutn of Powers and Doyle(aa’log) and nf Marx, Baker, and vacrtuen(sz) rep~

resent the best diffusion Jata for this sysrem. The veight gained and the ab-
sorption data ave probably quite reliable but are uot clear as to the mechanise
or mechanisws vesponsible for the observed data.

Poren's (4P caluvlations for the theoretical valuss ol D and Q for diifusion
of aitrogen in ninblum glves

Q = 20,000 cel/mule
2
b, = 0.02 ca /sec.

e. Hichlum-Oxygen

Diffusion of oxygen & nioblum has bLeen messured by (nter-
nol todction wethods, weight galn methods, and microhardness traveraes coveriog
the temperature rance of 40 to 1000°C. The agreemk at between all the inuvegtiga-
tors is very good with the possible exception »f the weight gein detecainaticvaa.
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The recent work of Powers ard Doyle on diffustoa of oxygen in niobtum
is very good. They obtained diffusion coefficients by intermal friction, elas-
tic after-effecrs and peak breadth measurements over the temperature range of
40 to 150°C which are glven in Table 36,

Table 36

. (48)

Niobium-Oxvgen Diffueion Datg by Powers and Doyle'
g G
Method of Messurement (ma?“c} (cal/mole)
. nJ!l_.n.amw kI

Intsrngl irietion 0.0i4 + G.004 {26,600 + 200
Blastic after-effecta [0.026 & 0.009 27,000 + 360
Combived ©.0212 + 0.0073 126,310 & 250
Pask breadth 26,700 & 200

The log vi the relsxation time va 1/T°K for this data ie plotred in Plg. &.

Internsl friction work by Angcs ) obrained with the forsicn pendulum ovex
the temperature range of 148 &o 168" €, fiteed ghe following equattoa of oxygsn
diffusica in nieblum.

D = 0.0147 axp (=27,600/RT).

mu, Bakor, and 3 »‘vertun(ﬂ) aady inteyusl frictisn mpssurizenls over
the tempavature veags of W8 3177°C, Thle vae duse by ustog both the tm-nt(m
pendulua and the high frpquency sathodd, Thoy veported an activation crergy -
of 26,000 callesle. . o
. FE - .
Gulbransen and Andnu’s"m) BIABUreNMDER vere copnirhed WiLh the welght .
_ awin o! a nlodium emaple heated in oxygen 26 a function of time and tempevatuxs.
_ ¥rom this deta, diffusion cunfifclents weve saleniatad for ihe tespersturs vsage

of 2030 to: J757C aad Lhe oiloving velstionuhis wee 1blaigad:

Dwx 10 exp (~57,806/83).

Couparison of this dala with ths esrx coliabls Sutercal frictici messutgmente
shoved that this va__lue of G 16 ¢ littie waall and 05 is too small by 107,

The coacontraiion geadlont of sxypen d{f9ved latn nicbiwn vas calcnlated
by JafTee, ¥lopp, #nd S1alil?) vron alevohsvdness sesrurements Dy sssusing the
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L

hardness Lo be ’1nnac with the owygen concentration, Heasurements were made at
600, 800, and 1620°C. The average diffusion cnefficients at each of these tem-
peratutes is listed in Table 37.

Tahte 17
. (112)
Niobium~Oxygen Diffusion Dats of Jaffee, Xlopp and Sims
(50) {cm /sec)
600 2.4 x 107
800 3.9 x% 10 °
1000 2.1 % 107

e dats vay be expreassed as
0,004067 exp (~24,300/RT).

A plot of the log 2 ve 1#5°K values ia shown jn Fig. 21,

3. Substisyrional Diffuston
s, Bioblug-Titanius

(trs!iie.a"ﬁ{ i3 deposited 2 ’raé*awiiotope of citmiu# ants

titeaiun-nlobium siloys of varying semposition, The titanium f{actope usad ha

& halfelife of seversl seconds so the diffuaine of ite decey pruduct, 5e%0 (3%
day half-life), was sctually being nessuved, Flat semples of thr alloy, 15 ma
in diamcter and 2 o thick, wers pyepaved by singering. The radiosctive titanv

-Lum powder uag presced botwudn two slices of the singered clley and deffvecd &

1000 and 1200°C. The tadiosctivity wws messuved at tiw ead of the sasple se o
function >f tiua. he data in Table I8 vss obtafned from thesa weasuresente.

The #ctivation energy sad the di€fusion coafilctent aw & function of come
position are shoun {6 Fige, 22 snd 2. Two peake sve obaevved in the sctivation
eneryy plot vhich correspond to the composition TiyHd sad Tilby, Thees proba-
bly ite ziglons es shory finge ovdsr ae theme ghasos ave wot iu the publiehad
pluins dlsgren.

Corvections were made in this dera for the poxnuicy of the atntasad aste-
tial, but some doubt exists as te shetlér the correttione wers slequate. The
reported D values are vather large for Siffustod bututws elosenta of relatively
hich melting points 2nd twe tempecaturis are hardly aloquate for Jelefniuin; Qs

e dada should dellcitely s eoaﬁ&»ef«d qunaﬁssnabxe.
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Table 38

1/
Diffusion of Sc'C into Various Titanium-Nicbium Alloys‘ll3)

7
. Dx 10
At. % (cmZ/sec) Q
(cal/mole)

TL 1N 1 000% | 1200%

100 | 1,125 | 3.05 13,010
10] 90/0.731 | s.80 | 17,160
20| 800,381 | s5.11 19,900
30| mw|o.5210 | .77 | 22,99
40| 60]0.795 | 2.92 | 32,790
so| sof1.250 | 2.32 | 11,470
60| 40lo0.481 | 1,67 13,500
70| 30{1.045 | 1.34 | 21,500
80| 20{1.710 | 2.00 | 30,150
90| 10]4.506 |11.74 | 15,770

100 1,525 | &..> | 25,290

b,  Niobjium-Chromium, Niobium-Iron, and Niobium-'3ickel

Diffusion anneals were carried out by Birks and Seabold(loz)
betweesn diffusion couples of the pure elements, Nb-Cr, Nb-Fe, and Nb-Ni. No
diffusion coefficlents were obtained. Concentration gradients were measured on
the samples with the electron microbeam probe. The data is very i{ncomplete and
of doubtful value, but is given below for the sake of completeness.

Table 39
Phases Found in Niobium-Chromium, Niobium-Iron and

Niobium-Nickel Diffusion Couples

Time at Width of
Diffusion Tem? . ’remp . Diffusion

e Phases Appearing
System | (°C) | (1)) Zone (microns)

in Diffusion Zone

- 71 NbCry, NbCry
¥b-Cr 100 | 447 10 NbCz, NbCrg, NbOr,
Nb-VFe 25 Nbre,

. 1075 25 NboNi, NbNi, NLNi
Nb-N1 1100 Melting occurred S ’ 3
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ree me = awnserawes VLo liume auo temperature.  An activation cnergy
for this process is giveo as Q = 11,720 cal/mole. The doubtful validity of
this value as the activation cunergy for diffusion has been demonstratad earlier
in this paper.

d. Niobium-Uranium

Diffusion anneals were carried out by Peterson and Ogilvie(lls

on samples composed of the pure elements at temperatuccs of 800, 892, and 996°C
and at times of 4 to 4% days. The concentration gradients were determined with
the electron microbeam probe. In order to determine the diffuslon coefficient
in the composition range of 0 to 10 at. % Nb the Matano analysis was applied. A
previously unreported phase we. observed in che diifasion couples, which may be
an unstable phase. The data was found to fit the following equations:

for 99.5 at. %2 U

-6

D~ 3.4 x 10 exp (—25,800/RT)

for 93 at. z U

D=9.6x 10

exp (—23,400/RT)
for 90 at. %2 U
D= 2.4 x 10 exp (~21,800/RT).

Intrineic diffusion coefficients were determined for 99.5 at. % U, which
may be represented by the following equations:

- -
DU 2 x 10

exp (~23,200/RT)
= 3,1 x 10°° exp (~25,800/
DNb 1 x exp (—25,800/RT),
This data 1s plotted as a function of 1/T in Figs. 24 and 25, Uranium is seen
to diffuse 150 times faster than the niobium at 99.5 at, % U.

A sumnary of diffusion in niobium is given in Table 40.
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A, piffusion in Platinum
1. Self-diffusion

Kidson and Ross(93) evaporated radioactive platinum onto the
surface of one centimeter diameter rods, 0.5 to 0.25 cm thick. Two such pleces
were then welded together with their active nurfaces in contact. The samples
were diffused in the temperature range 1325 to 1600°C. The samples were sec-
tioned and che activity of the sections was counted. The dats is shown balow.

Table 41

Diffusion Data for the Self-diffusien
of Platinum

Tenp. D

(°c) (~? 'sac)

i Eanb e ﬁH
1375 3.089 x 10 °

14.0 9.760 x 10"1°
152 1.822 x 10
1600 | 4.092 x 100

A plot of log D v3 i/T ia shown in " .. 26. 1uis figure 1llustrates that
the ::atter in the data is quite low. Ta.: . .uas obtained may be represented by
the juation;

D = 0.33 exp (=6t " }/RT),

2. Intergtitial Diffusion

Platinum-Hydrogen

(lIG) measured the rate ot flew f hydrogen through platinum
foi'y ©,0133 cm :htck at 600, 700, and 800°C. Alth ugh zhe data 1is treated in
a som hat different manner than normally found in g 'ysical setsallurgy, the ace
tivat ‘n energy should be in agreement with that obt. (rnaed from standard measure-
mants Q is given as 18,000 cal/mole with very littl> scattsr fn ths data.
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3. Subgtitutional Diffusion

a, Dlatinum-Gold

The diffusion between pure platfnum and pure gold, at 1002
and 1038 °c was reported by Bolk. (117)  The samples werc bonded, diffused, and
sectioped. After the removal of each section (20 to 500 microns), a Laue-back
reflection picture was taken and the composition was determined from the lattice
spacings. The diffusion coefficient is plotted as a function of composition in
Pig. 27. No activation energies were reported as measurements were made at only

iwo temperatures. However, intrinsic diffusion cocfficients were determined and
ate listed in Table 42,

Table 42

Intrinsic Diffusion Coefiicienta in
g_].tim--cold Systea(11

‘% Gold at
TQW. D " p:
e Marker
o (Clz"°°) (en’/uec) |y ertace

1002 [2.50 x 1070 5.3 % 10V | 94.8
1038 |3.49 x W2 J4.1 x 1070 | gs.2

& sharp discoutinuity vas found 4n the concentration ve distance plots, corve-

sponding to the two plse teglon, o + Ay ia the phase disgras reported by
Darliug, Mintern, and Chaston.(1i8)

Jon:( 19) atudied the diffusion of gold from an slectrolytically plate
layer into an ailoy of 80 wt., % Au - 20 wt. T Pt. The diffueion was carried out
in & single phaved regicn. Mo wsasurementy were made as to the effect of compo-
sition on the diffusion rate. The reported dats is given in Table 43,

Table 43

Platinum-Gold Diffunion Date at High
Gold Concentrationa(119)

Temp . D
(°C) (c-zlléc)
70 4.7 x 10 12
824 2.2 x 101
927 6.2 x 103

, ~10
986 | 1.7-2.8 x 10
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B = This data may be found to fit ' ¢ equation:

]

D= 1,26 x 102 exp (~39,000/RT).

Y 5
: ’ This vaiue for b at 986°C agrees Quite well with that obtaiued by Bolk
7 for 1002 C.
: : . (120) _
Jesie ennezled pure gold - pure platinum diffuslon couplss for 5

{ '_ s days at 900°C. His wectioning technique was noti 2nad enough to pick up the
- N discontinuity; consequently, he plotted the penciration-ccmposition curve as 3
i i RaES , continuous ilne from wilch he deduced a much fastar diffusica of platimwmm into
“\ gold than of gold inte platinum. Due to this ob\atout error, the dats will not
M T : be given here. It should be mentioned that Matauo{l21) used thin dsta tc cal-
SRR PR culate the diffusion coefficlent as a fusiction of composition, w '~h, Conuee
e quontly, is also in error.

. o~ | b« Platinum-uopper
N i q B (122) The diffusion of platimuz in mpger was invostigated by
NN . Matano over the conceatration range of 2.4 to 3.5 at. X Pt (7 to 10 wt. % Ft),

The specimans were ground away in atepe. After each sicp the lattlcéd parasetes

of the ground sorface wée sctermined by xeray diffraction, from which the ctago-
sit.on was determined. The data ig rapmud in Table &4,

N | | R ' Iable 44
. ‘ Platinum-Copper Diffusion Date at High
. Coppsr_Concanteations

Pt e, b v o S Smas
LI

ey ) Tenp. D
sl S (°c) (cn?/aec)
. | 450 T texws
N | 380 0.5 x 1002
L. 700 RETE
i Q 35& 305 3 10 tl
S 960 1023 x 1070
The eguation
o | D » 1.0 2 1077 exp (-21,900/a7)
. ‘ m'; ) reprusvats the releticaship for the valuss vbrainaed.
. *f cos WADD TR 60-79) 80
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(123)

Kubaschewski and Bbert carried out diffusion in the platinum-copper
system at high platinum concentration, Pure platinum was bonded with a 95 wt. 1 Pe~
5 wt, % Cu (13.9 at, Z Cu) elloy and diffused at temperatures from 1041 to 1401 ‘c.
Layers were machined off and x-rav diffraction patterns recovded. From these pat-

terne the composition was determined from previously prepared standarda. The | B

values found are ghown in Table 43. , o

Table 45
Plarinum-Copper Rifiugion at Hish
Flatiouw Cone anttauians€133} o
"7
?. L 4 n'ﬁ . N
(gif {eat/enc) ' !
W0a | 22kt - |
1150 R - . N
B2 16 x 100 . B
23 | nas o 10 i
123l 5.7 % EQ
v@m | L5« m"‘g
. 3 *% <
bml 1;? ] i{} :-_-

tThis data may bs represented by the equetion:

-3

B 4.9 % 107 sup (~55,700/RT).

In the last two vefersnces, supsch data has basn vaported for the high
platinus snd low platinue povticns of the copper-platinum system. Thie may
welil ba sufficlent for some alloy development purposes but for acadesic ves=
sona, tha diffusion data and capeclally the activation snergy date, way be far
avse interestiag in the veglon of the ordesrved 003?*. and CuPt phases.

€, Platinun-Nickel

Kubsachewaki znd lbért(izj) alec studied the diffupion in
the high platinum portion of the pleticum=nickel system. Pure platioum vas
bonided o an alloy of 94.8 wt. %L Pt - 5.2 wt., % ML end diffused at tewperatures
from I04Y to 140V C. The composirion along the diffusion couple was dateruived
From w-tay diffraction pstierns of machinsd sectiocs. The dats cbtalued is
given ia Table 46.
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Table 46

Diffusion Data for the Piatinum-Nickel System
at High Platinum Concent:ationsf{123)

Tgmp. R
e (em“/sec)
s 1043 5.3 % 107
s 1149 1.8 x 10 10
T 1241 4.9 x 10 2
< 1374 1.5 x 107
L 1401 1.6 x 107
These values may be expressed as
: 3
S D=7.9x 102 exp (~43,100/RT).
3 K The data appears to be very good with i. < than a normal amount of scatter in
T the log D vs 1/T curve.
Ti A summary of diffusion in platinum is given in Table 47.
B. piffusion in Hafnium
i. Self-diffusion
The self-diffusion of hafnium has not been measured. However,
estimates of the activation energy may Le obtained from melting point and heat
of fusion relations.
The best valve for the melting point of hufnive is 2222°C as determined
by beardorff and Hayes(124) (This value is considered best as their hafuium
o contained the least amount of impurities, the main impurity usually being zir-
o conium,) F-:m LeClaire's telation,(58 the activation energy for self-diffuaion
TR in hafniuw s Q = 94,800 cal/wole. The plot of activation enexgy for gelf-
Bt diffusion vs melting point showm in Fig. B enables Q to be estimatsd for haf-
o N nium as Q = 94,000 cal/mole.
- (59)

Nachtrieb and Handler atated the empirical formula Q = 16.5 Z}iﬂf
where Z\ Hf is the heat of fusion. Kelley(125) gives A\ B¢ = 5,790 cal from
which Q 18 calculated to be Q = 95,500 cal/mole,

WALD TR 60-793 82
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From these different estimated va.ues, the value Q = 95,000 cal/mole may
be taken as a reasonalle estimate for the activation energy for self~diffusion
in hafnium until a good experimental value is obtained.

2. Interstitial Diffusion

Hafnium-Oxyzen

The hafnium-oxygen system is the on%y hafnium system in which
diffusion measurements have been made. Pemsler measured the rate of diffu-
sion of oxygen in hafnium by observing the rate of dissolution of oxide films
into the metal in vacuum. Samples containing 1.45 wt, % Zr were electrolytically
oxidized in a solution of KOH to a known layer thickness. The size of the oxide
layer was measurcd by the weight gained by the sample. The color of the oxide
(a measure of its thickness) was cbrerved during the diffusicn sa vanum.  The
paraholic rate of dissppearance of the oxide film on the hafnium suggests that
the rate-controlling step is the diffusion of oxygen in hafnium. Diffcrent

orientailuns of the grains caused the rate cf disappearance to vary by us muci,
as a factor of two.

To calculate diffusion coefficients, Pemsler had tn assume values for the -
density of oxygen-saturated metal, the density of monoclinie hafnie, 2nd the
solubiliiv of oxygen In hafnivm. The theerstical density of 10.22 g/cm3 wad
‘uged for the monoclinic HEO2. The value_of .density for the oxygen ssturated
ibetal was taken arbitrarily s=s 13.5 g/cm”. Mo dats for the solubility of oxygen
‘in hafoium are known, so the diffusion coefficients were calculated for thre:
asaumed values of oxygen, 20, 30, and 40 atomic percent, Theis values should
bracket the actual value &p the solubility of oxygen in titaniwm-oxygen is 34
-atomic parcent oxygen and zirconium~oxygen is 29 atomic perceai uavgea. The
diffusion coefficients may be expressed by the following equations: s

for 20 at. 20

D= 1.4 exp [~(3},850 + 200)/RY)
for 30 at. %0

D » 0.47 exp {~(5),850 + 200)/RT}
for 40 at. % 0

D = 0.14 exp [-(51,850 + 200)/n1}.

The experinental seasuraaents have been performed with good precliston but

the lack of kuowledge of certain valuus lisits the precision of the vesulting b
values.

Sweltzer and Stwnad 127 studied the uxidation nf kafotus containing 5
veight percent zircoitum in pure onygen at 700 wa Hg preseure in the temporature
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range 35 to 1200°C by observing the weight gain as a function of time. Only the
parabolic reglon of the curve were uged for diffusion constants, Tbomas and
Hayes(128) plotted the weight gained per urit area vs 1/T for Smeltzer and
Simnad's data where the parabolic rate law is obeyed, From this, they calcu-
lated an activation energy Q = 56,000 cal/mcle which {8 in good agreement with
that obtained by Pemsler.

C. Diffusion in Zirconium

1, Self-diffusion

The self-diffusion of zirconium may be estimated from the melt-
ing point and heat of fusion relations as ro diffusion measurements have been
made, From LeClaire's relation,(58) the activation energy for e»l1f-diffusion
in zirconium is Q = 81,000 cai/mole. From the plot of activatic.. energy tfor
self-diffusion vs melting point shown in Fig. 8, Q may be estimated for zir-
conium as Q = 80,000 cal/mole,

Using Nachtrieb and Handler's empirical formula(sg) and Relley's value(lzs)
of £ Hg= 4,900 cal, Q is calculated to be Q = 80,800 cal/mole.

Thesc values axe probably fairly close to the tyue value for beta zir-
confum. The activaticn energy for self-diffusion in alpha-zivconium will be
somewhat difiavent, »welauly lerper.

2. Interstitial Diffusicn
a, Zirconiuw-Carbon

: Samsonov and Lntyoheva(a’g) determined itha difiveion coef-
ficients for diffusion of carbon in zirzonium in the range 1000 to 1600°%c by
spplring the snalysis outlined under the tungsten-boron system (psge 3) to the
growth of the zirconlum-carbon phase. The dats say be described by the equation

D = 4,52 x 10° exp [~(17,500 + $,600)/21}.

Tabla 48
Zireonium«Carbon Diffusion Dats Using the Samsonov

and Latysheva Tachnique

(cal/mole)  [{cul/eee) |(g/cmd) (ext/uac)
" . _ Wi
17,900 + 5600 |1810 + 340 | 0.491 |4.52 x 10° axp (

AT )
2.4420
61366
o | 3.833%
1600 | 81622
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b. Zirconium-Hydrogen

Mallett and Albrecht(lzg) measured the diffusior of hydro-
gen into zirconium containing 0.02 weight percent hafaium. The samples were de-
gassed in vacuum and then heated in a hydrogen atmosphere for various times at
temperatures of 305 to 610°C. tayers were machined off and analyzed for hydro-
gen. The diffusion data is shown below.

Table 49

Diffusion of Hydrogen in Alpha-Zirconium at
Low Hafnium Contenttzzy,

Temp. [ D x 106 Temp. | D x 106

(°c) (cmé/sec) | (°C) | (cm2/sec)

305 1.7 486 6.9
350 2.0 567 9.7
410 3.7 610 13.0
446 5.2

These results are shown in a plot of log D va 1/T in Pig. 28. The data
may be represented by the equation:

=4y

D=7.0x10 exp [‘(7,060 t 260)/‘1'].

Surface films can essily lead to erroneous diffusion data when the diffusine
element i3 sn the gaseous phace. Great cave was taken in this work to reduce .
thesa effecta.

Rariier data by Schwartz and anlut:uw} on diffusion of hydrogen i suir-
contwa was obiained for rirconium containing 1 weight percent hafoiuam, The
valuay sre given iu Table 549,

Table 50
Diffusion of Hydeogen in Alphe-Zixcont
Contpiaing 13 Hefniug

Tsﬁ. 5% 100
{¢c)

_Scuzt uc! ]

400 6

500 10

500 , ib
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¥ig. 28 - Towperature variation of diffusion
confficisnt for hydrogem im aire
conium, (129)
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This data is not as complete nor as reliable as the more recent data reported
in Ref. 129.

Sawatzky(lgl) obtained cylindrical specimens of 5 to & ppm of hydrogen iy
vacuum degassing at 830°C. These samples were then avraded with 600-A carbide
paper and subgequently heated for various times at different temperature in a
hydrogen stmosphere at 200 mm pressure. Turnings were removed from the diameter
of the specimen and the radial distribution of hydrogen was determined. Table 51
lists the values reported.

Table 51

Diffusion Data for Hydrogen Diffugion in Zircclog-z(ml)

‘l‘smp. 0 i 1.06
(&) (cin®/eec)
261 0.80
315 1.70
358 2,94
408 4.7
458 5.49
S515 10.3
560 15.8

This data may be repressuted by the equation:
De 2.7 x 107> exp (~(8,380 ¢ 400)/KT].

The egresment of this date with that of Mallett and Abrecht is quite good, dife
faxing by less than & factor of two over the temperaturc range investigeted.
Thie small differance may well be due to the scall smcunts of tin, iron, and
chromium {n the Zircaloy. )

The aeasuicment of the weight gain Iligjfgrntlﬂﬂ of vimm for zlrcoaium

heated fn hydeogen by Gulbransan and Andrew shoved a parabolic eslattean- -
ehip, The reaction vas raported to be very slow at 250°C and quite faut at
300°C. The effect of pressure was also studled. The iaaction was found Lo be
very sensitive to surface filme and pre-treatment. Mo valuss sre givea for the
diffusion coafficient or the activation edsrgy.
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c. Zirconivm-Nitropen

Mallett, Belle and Clelandlez) investigated the Jiffusion
of nitrogen frow the gaseous phase into beta-zirconium containing 0.015 weight
percent hafnium. The samples were degasaedoin vacuur and then heated ia nitro-
gen in the temperature range of 920 to 1640 C. Layers were removed and analyzed
for nitrogen. The data is tabulated below.

Iable 52

Zirconium-Nitrogen Ditfusion Data for Beta<Zirconiva
of Low Hafnium Contenttrgzy

S :
Temp D 5 107 r;cup. 10'
(cmé/

. D
°c) | (cmé/sec) | (Yc) L.(cu:z‘/nec)
920 | 0.55 | 1305 'R

975 6.72 2305 11.0
1030 1.3 1305 6.3
1085 1.5 1420 14.0
1085 1.3 1420 17,0
1140 1.9 1475 25.0
1195 3.4 1530 35.0
1195 31 1530 9.0
1195 6.3 1640 51.0

These valuss are plotted in Pig. 29, and say be related by tha equatioca:

D= 1.5 1072 exp (~(30,700 & 1,000)/a7).

1n an earlier publication, Mallett, Bavoody, ¥elson and Pupp(n” reported
the diftusion of nitiogen iato bata-zivconive containiog 1.8 to 2,2 wetght pare
cent hafafum. This lavestigation vas carried out over the temparature tange of
900 to 1600°C using the ssme techaique ac ixpocted v Ref. 132, The date 1s
summariied tn Tabla 53, Thase resuits are representsd by the aquation:

D= 3x 102 exp (~(33,600 + 1,600)/0T).




Temperature, C

oo 1590 130 1400 1300 120 _1go 1209

p
1

em/ see

J
»

D, X 10
[«
oo/

-

|

T R T TS T 7 ST a—TY
+iz % 10°

Eig: 29 - Variation of the diffusfon costfictent with
tnpnwz for diffusion of altrogsa ia
sixconium, (132)
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Table 53

2irconiuvm-Nitrogen Diffusion Dota for Beta-Zirconium
Toet Contatning 1.8-2.2% Hafnium(133)"

Tgmp. b 5 107 ‘I‘gmp. D x 107 _
(C) |(cm®/sec) | (°C) | (cm2/sec) ™.
900 0.1 | 1200 2.4 -
1000 0.6 | 1200 5.0 )

C: 1000 0.5 1300 6 -

' 1100 1.t lwee | o1 ;
1100 2.7 11500 | 17 I

w600 | 27

Good agreement {s shown with the previously reported dats of Mallett, Belle,
and Cleland. The slight disecrepancy fouad may bu u zcal affeect due to the dif-
ferdut hafnium coatents.

smmm““’ teported that the diffusion of nitrogen in bete-zirconiua
£its the uquation;

D = 3,5 x 1072 exp (-33,800/21).

This work has not been pudbliehed but 4s givan as a private communication in
Ref, 132. PFurther comments as to expercisental proceduss, temparature rangs, or .
dagree of accuvacy of this work cannot be made until nublication of this work,
The supsrb agreemant betvesn this work and the excellent work of ths two pre~
‘viously manticnsd investigstisne speaks well for sll threas.

Gulbransen and miswun) weasured the weight gain as o function of tiwm
for alpha=tircontum hested fa njtrogen. Parsbolic curves were obtsived 46 the
© tespavature vange of 600 to 825°C. Mowever, tha date at A00 sad 300°C does wot
fit the diffusion equation. The sctivation svergy for the vets ldwiting etep
{astumed to be diffusion) 4e given as Q @ 39,200 cal/mole. This \arger sctiva-
cion ensrg would be expected for diffusion ti the alpha phuse. Tha work io ths
zircontum-oxygen system stowsd thut the diffusica coefficlents as determived by
Culbransan and Andrev are in very bad sgresmaut with the data obtulned by wove
relisble techoiques. Thie lesds oie to doudl this value for diffusion of sitro-
gen ia alpba-rivconium. In the sircoatus-oxygen system, Qy = 1.5 Qp. Setcs, &
reasooable value for the activation soergy for diffusion of mitrogen in alphe-
- “"‘i‘l“‘" may be tcken as § = 45,000 cal/uole and 0, may be assumed to Le arcund
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d. Zirconiuvm-Oxygen

Pemsier(nb) measured the rate ot diffusion of oxygen in
alpha-zirconium by observing the rate of dissolution -f oxide films into the
metal in vacuum., The samples were oxidized electrolytically in s solution of
KH. ‘The thickneso of the initial oxide layer was measurad by ithe weight
gained by the sample, and the color of the oxide was observed during the dif-
fusion in vacuun. There {s 2 parsholic rgte of ulseppearance of the oxide film
on the zirconium which suggests that the rate-controlling process is the diffu-
sion of oxygen into the metal, Variation of the rate of dissppesrance by as
much as 8 factor of two among the differeni oriented grains was observed.

To calculate diffusion coefficients, Pemsler had tu assuis a value for
the density of oxygen-saturated metal. The other quantities uii.h cust be
knowan for this calculation, the density of zirconia and the soludility ot
oxygen in alpha~zirconium, hed been determined experimentsally, The data ob-
tained is listed in Teble 34,

Tablc 56

Diffusion of Oxygen in Algha-lixcggtul(las)

:33 1 P (en>/aec)

400 1.3 x nd“‘*
a2 | 12kt
sto | 279 w10
saz | 11003

s | se2wa0D

Yhase experimantal points are plotted ia Fig. 30, and way be described by
the sguation: : _

Nessuremsats of surfece effects may often lead to large ervors dus to the prame
snce of surface filums of gresse or eantrapped gesas. Sofficient cars wes takas
to nintuige these effects waking thie data quite reliable. '

Nallett, Albrecht, and ﬂum““) sxeatoad the diffusion 8! oxygen v
alpha and bats Zirculuy {o the tempecature raoge of 1000 to ISNO'C. VYor the la-
tavuiaation of the diffusion rosfficient in the alpha plsse, the movemmat of tin
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alpha-beta nhase boundary was observed as a function of time et the different s
temperatures. Their diffusion coefficient way be represented by the equation: g

D

gy = 0-196 exp (41,000 % 1,500)/RT].

This data is plotted in Fig. 30. Due to the s«lloying elements in Zircaloy and
the higher oxygen contents of this investigation, precise agreement with the data
of Pemsler would not be expected. Although the Dy and Q values of this investi-
gation are considerably different from those of Pemsler's, the agreement is
pretty good as seen in Fig. 30.

The concentration gradients for the oxygen-beta zirconium diffusion were P
deternmined by sectioning and cliemical analy:is of ssmples. The =iia Jchisved
aay be rapresented by the equation:

Dg.ze " 0:0453 exp [~(23,200 % 2,400)/R7).

e
rrneo(“'n obtained an estimate of the diffusion cosfficient at 1280°C
by following the homogeneity of a atrconium smample to which & known ascunt of
oxygen had been added. The time was noted for complete diffusion through a
knowa volume. This gave s minimum volue of

DeS. 23 x 1056 cuzluc at 1280%

for diffusion of onygen in bats~airconium which agrass very well with the date
of Hallett, Aldrachz, and Wilson,

Other {nvestigators, Gulbransan aad Anduv,nn) neasured the weight s
geined by a mirconium semple heated in oxygen. The reaction followed & pera-
bolic vate lav throughout the temperature range of 200 to 425°%C, Their data .
wvas found to fit the eguation: ' ‘

Dw 5.3 x 102 exp (-18,200/87). | :

this s ia very pocr agreement with the sore veliable dets of Refs. 135
and 136, Siace the dala appests to have besn taken with good precision, ths
reacticn measured prodably was not diffusion.

3.

ubptitutional Biffusion

Allisor and Samatron’ 238 inveatigated the diffusion of ' o
steconium in an alloy of 0.08 weight perceat ziruvccium -~ renainder nickel in - ok
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the temperature range 800 to 970°C. Their method consisted of measuring the
weight gain caused by surface oxidation of the zirconium in a wet hydrogen am-
bient, and identifying the surface cxide by means of electron diffraction.
Since the grain size was less than 1073 mm, considerable graiu boundary diffu-
sion was found. The observed diffusion coefficient titted the equation:

5

D=1x 10 ° exp (~26,700/RT).

It is not clear what mechanism wss actually being evaluated by these neas-
urements. It could have been lattice or grain boundary diffusion of oxygen into
the sample, diffusion of zirconium to the surface, hydride formation, or surface
fiim reaction with the gss, or many others. Therefore, this method is not very
useful for diffusion coefficisnt determinations.

b. Zirconium-Titanium

Martens(lsg) reported preliminary work on the diffusicn of
zirconium-9g tracer intoc zirconium-titanium alloys over the temperature range of
825 to 1150°C. An activation energy of approximately 23,000 cal/mole is reported.

C. Zirconium-Uranium

A very complete and accurate investigation of the diffusion(léo)
in the zirconlum-uranium system was carried out by Adda, Philibert, and Faraggi.
Pressure bonded diffusion couples were prepared between the pure elements and
annealed in the temperature range 550 to 1075°C. The concentration gradients
weze determined with the electron microbeam probe, and the Siffuginrn coeffi~
cients and the activation energies were then determined as a function of the
concentration., This data is given in Table 55 and may be seen in Figs. 31 and
32. Intrinsic diffusion coefficients were also measured., This data is summa~
rized in Table 56 and is shown graphically in Fig. 33.

In s more recent paper, Adda, Meiry, and Andreu(lgz) reported the uvraniv.
and zirconium intrinsic diffusion coefficients as a function of composition,
This wae accomplished by bonding a series of uranium foils with fine tungsten
wire between them o a similar set of zirconium foils., By measuring the move-
ments of the tungsten wire, a whole series of intrinsic diffusion coefficients
can be determined from one sample, The concentration gradient was determined
with the electron microbeam probe, The experimeutal yalues of Dy and Dz, ave
plotted as a function of composition for 950 and 1000°C in Fig. 34. 1t may be
noted in this figure that at compositions of 0 to 10 atomic percent uranium,
Dzy is greater than Dy while at compositions of 10 to 100 atomic percent uranium,
Dzy is less than Dy. This mesans that there are several separate regions of
sources and sinks for vacancies,

Smith(14l) measured the diffusion of Eirconium in liquid uranium at 1270%
and reported that D = (1.9 + 0.9) x 107% cm®/sec.

A summary of diffusion in zivconium is given in Tagble 57,

WADD TR 60~793 96




Tabl 55

Zirconium-Uranium biffusion Coefficients for

Various Zirconium Concentrations(140)

ng:en;rgic)m Ac;:;\er:;;m\ Fzgqu?x:;l/l;:g;ot
: (cal/wole) o
10 32,000 9.5 x 10
20 28, 600 1.3x 107
30 26,300 3.5 x 107
40 27,400 4.0 % 20° |
50 29,700 8.0 x 10>
60 29,700 6.3x 107
70 29.700 5.5% 100
80 3,300 3.2x10%
90 41,000 7.8 x 1073
95 47,000 8.7 x 1072

Table 56

Intringic Diffusion coafticunil for the
Z2irconium-Uranium System

Tenp. (°0) 950 1000 1040 1075
At. % 2z 12.5 11.5 11.0 9.3
Intrtnsde By | 7.7 % 107 | 1.6 % 108 2.1 % 108} 3.7 x 1078
Intrtvsic D, [l 6.5 x 1071 1.0 %1079 2.3 x 1077 2.9 x 10”7
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V.  GROUP 7il

A. Diffusion in Vanadium SE
1. gelf-diffusion

The self-diffusion of vanadium has not been measured; however,
estimates may be made on the basis of the relationships of LeClaire(58) and
Nachtrieb and Handler.(59

Prom LeClaire's empirical fomula,(sa) the activaticn energy for self-
diffusion in vanadium is calculeted as Q = 82,500 cal/mole. From the plot of
activation energy for self-diffusion vs welting point shown in Fig. 8, Q may be
estimaied as Q = 81,500 cal/mole.

Nachtrieb and Handler'c(sg) equation, using Kelley's valuc of O\ He =
5,050 cal/mole, give Q = 83,300 cal/mole.

2. Interstitial Diffusion
a. Yanadium-Carbon

Powsce and Doyle'!*®) carried out internal friction and
elastic after-effect measuremante in the temperature range cf 60 to 160°C on
carbon dopad vanadium sansples and obtainsd tha relation:

D = 0.0047 + 0.0006 exp [—(27,300 & 160)/RT).

The data looks extremsly good as refluctsd in the authors estimste of their
SLLor.

A yssr later the same mehou(“) reportad similar valuss obtained by the
sams techniques. 7This data fictsd the equatiocn:

D » 0.0045 & 0.0005 exp (=(27,250 & 80)/4t).

_The log of the relaxation time ve 1/1°% for this data is ploteed in Pig. &,
b. diyee-N) ex,

An eatly vapor? by Powsi n(um described internal friction
wrasurenents made &t 254.2, 263.8, and 279,2°C usiag the torsign pendulum. A
peak due to diffusion of nitrogen ia vanadium was found at 272°C for a frequency
of 1 cps. The activation energy is given as Q « 34,100 cal/mole,

Stanley and wu-z"“) detercined the diffusion of nitrogen in varnudium
from interusl friction measuremsnts with the tersion pendulur at frequeacics
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of 1.2 to 0.7 ¢ps. Their data may be represented by the equation:

D = 0.018 exp (-35,100/RT).

At higher nitrogen concentrations, a nitrogen-nitrogen interaction peak becomes
apparent which may lead to spurious results.

The more recent maasuroments of Powers and Doyle(“) vere obtained from
intcrnal friction, elastic at‘teg-affectn , and peak breath reasurements over the
temperature vange of 140 to 270°C. The values obiuined are prasanted below.

Tsble SR

Vanadium-Nitrogen Diffusion Date of Powers and Doyle

(48)

Method of Measurement

Q
(caz?uc) (cal/mole)

0.016 + 0,016
0.0090 + 0.0022 | 34,000 + 200

Internal friction
Blastic after-effact.

. Cozbined 0.0092 + C.0021 | 34,060 & 220
Pesk hreadth 1 34,29 & 309

The log of the velaxation time ve 1/I°K for this data is plottad in Pig, 4.
Tha deta is axtramely good and is probadbly the moet raliable for diffusiocn of
nitrogen {n vanadium,

The thaoreticsl valuss uleuhud by m‘:o(“” for diffusion of nitrogen
in vanadium is given by:

D = 0.038 exp (~22,000/%1).

'\lq‘

The agreswint of Ferro's theovetical values vith the very relisble exparimental
valuss §¢ not a8 good fa this eysten us it vas for previcus systess found in

this paper.

¢. Vansdiue-Onvgen

Early dats of 'm"(lﬂ) on diftusion of oxygen in umdlm,
obtatued with the torsion pendulus et tempevatures of 172.4; 180.5, and 193, «°c
gave the activatiocn eaergy as Q = 28,608 cal/wole.

P
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Powers and Doyle(mz) examined diffusion in the vanadium-oxygen system by ‘ k N
use of internal friction and elastic afte;-ettgct measurements using the torasion ———
pendulua in the remperature range of 72 to 190°C. The data may be represented L
by iuc oquation: o

D = 0.019 + 0.002 exp [—(29,300 + 100)/RT]. SR
The high degree of accuracy of this work may be seen in the small errors reported ~
in the above equation. e

Stanley and Her’.u“) also obtained a diffusion coefficient using interaal Co
friction measurcments performed with the torsion pendulum in the frequency range P
of 0.7 to 1,2 cpr. Their datc is described by the equation: I

D = 0.003 exn (—28,200/RT).
The most recent measurements of Powers and Doyle“‘a) vere carried out
over the toaperature xange of 72 to 180°C using internal friction and elastic
after-offect relationships. The data is listed in Table 59.
Table 39
Diffusion Coefficients for the Diffusion of Qxygew
in Vanadium ag Determined by Internal
Friction Heastitementa

Mathod of Hessurement o, (cuzluc) Q (cal/mole) -

Intercal friction | 0.026 + 0,000 |29,600 % 300 "

Blastie efter-offecta | 0.011 & 0,004 45,500 + 300 -

Cowbined 0.0130 + 0.0032 | 29,010 4 190 .

The plot of the log of the relaxation tiwes v 121°% for thia data is
shoun 1o Fig. 4. The high degree of atcurscy of the work published in this ref-
srénce hag been siressed pravisusly.
Porro's theovetical values of &, = 0.018 and Q « 13,080 calimole ave in
rather poor agreément with the cxperimental results for thiis system,
S
* u.‘!
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3. Substitutional Diffusion
N a. Vanadium-Iron

Stanley and Vert(lsé) determined *he diffusion constants in

- an alloy of iron and 18% vanadium over a wide temperature range by a ccmbination
! of radioactive tracer and internal friction meanurements. Meaocuremcuts were made
over s considerable temperature range on both sides of the Curie temperature. 1In

the paramagneric region, the diffusiou results may be described by the equations:

Ope39) = 7 exp (-61,700/RT) l
Dyt8y = & axp (~58,500/RT). .

Below the Curie temgerature, the internal friction data showad that diifu-
aion was 100 times slowar than the above tuo equations would indicate. Part of
the effact is dus to & change iu the activation energy and part dus to the chenge / %
in Dy. This same effact of a change in the diffusion coefficient at the Curie .
teaperatuce has baan obutvﬁ.‘g the diffuston of N152 into pure 1roa(187) 4nd tn
the self~diffusion i iron.

b YsnadiumcTitaniua

Diffusion datwaen pure titanium and tuo different titenium-
vanadiue glloys, 13 \ut’ht percent vasadium and 7.5 weight percent vansdium, was
fuvestigated by Goold.(108) Semples vere diffused at temperatur . -u ihe vange
200 tv 1248°C. The semples wvare then sectionsd and chemically anslyzed, and dtf-
fusion cosfliciants wvare datarmined ax a function of cunceaatration by weans of
the Kateno snalysis. Th02 markers ware {ncluded in soms samples in order to da» :
tarming thw intriasic diffusicn coafficlenta. D an & function of atomic parcent i
vanadiom i shown in Pig. 35, Vor 2 atomic percent vanadiua, P is given by the B,
egquation; ' -

Dw6.0x 10 exp [«(39,600 + ,700)/RT).

At 1250"6, the intrineic diffusion coefliclents fov 96.5 etomic pevcent Licaniue
are:

By, ® 1.3 x 10?
B, = 14,9 w™®

© A sumaary of diffuslon io veasdiva {8 jivean in Tuble 60.
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B. Diffusion in Chromium

1. Self-diffusion

Paxton and Gondcli('ms) measured the self-diffusion coefticient
for chromium in the temperature varge of 950 to 1250°C by vacuum-condensation
deposition of Ccr3l on pure chromium discs. Self-diffusfon coefficients were
evaluated by surface activity before and after annealing and by progressive
grinding, fresh surfaces were exposed on which activity measurements were made,
The data may he represented by the equation:

D = 0,0001 exp (=52,700/RT).

Both the D, und the Q values are much lower t.?w gne would expect Zor a vacancy
diffusion process., Pound, Bitier, and Paxton 6) have propogced that the ring
mecheniam(147,148) i5 ¢he operating mechanism for salf-diffusion in chromium.
{Rothman,Lloyd, and llarkneuil“” have also suggested that the ring mechanisa is
operating in self-diffusion in gemma uranium. Excessiveiy low values of D, and
Q have baen obtained for gelf-diffusion in flﬂll uranium by three different in-
'vestigations in three different countries,(149,130,151) 411 of their results
agreeing within experimental error.] Hence, the often doubted ring mechanism is
beginning to receive experimental support. Although the activation energies to
be cxpacted for the ring mechanism have not beaen calculated for chromium or
uranium, D, valuss have been calculated on the basis of this mechanism. ' These
ctlculated values agree q\ulituuvelx with the experimental values cbtained for
self-diffusion in geoma uranium, (149

2. Interscitial Diffusion

a, Chromiuwm-Boron

Samconov and Bolonntkova,(u) using the fechnique describad
under the tungsten~boron system (page 3) have determined the "diffusion coefti-
cient" of bovon in chromium from the measured rates of growth of the CrB; phase.
The only data reported is Lhe activation energy ( = 20,520 cal/uole., Although
no data poiuts are given from which to judge the validity of this work, previuuve
comparison of date reported in this reference with dats fram more realiable tach-
niquas has shown that ti‘s data is of questionadls valus for diffusion purposss.

b. Chropiun-Carbon

Samscnov and 801onn£ko\m(3“) have alac meanurad the diffu-
sion of cerbon into chromium. An activation energy of Q » 26,000 cal/mole 1s
eated for thie procese. The comownte made on the chromiuwneboron system cone
cerning the usefulness of this date as diffusion data also apply to this system.
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3. Substitutional Diffusion

a. Chromium-Cobalt

Weeton(lsz) measured the diffusicn of chromium in alpha-
cobalt-chromium alloys over the compnsition range of 9 to 35 weight percent
chremium by pressure bouding alloys of different composition and diffusing them
in the temperature range of 1000 to 1360°C. The temperature of diffusion and
the romposition of the different diffusion couples is given in Table 61.

Table 61

Chromium Concentration of Chromium-Cobalt
Diffusion Specimeng(l>2)

L

Temp. (°C) 1360 1300 1150 1000
¢, | < ¢, | ¢, ¢, c, ¢, |e¢,
Intital 0 |[22.20]0 28,00 {13.15 38.65 | 0 24.92

composition]| 9.6 28.06 | 9.60 [ 41,15 | 0 | 28.06 | 9.80 |39.97
(% €r) o 128.00]9.98]39.20
0 |28.18

€, = Chromium content of low chromium side,
C, = Chromium content of high chromium side,

Sections were machined off and chemically analyted, The diffusion coefficient
was found to be constant within a factor of two over the composition range ir

vestigated, heace, t'~ Grube snalysis was used. The values were found to fic
thu equation;

D = 0,463 exp (—63,600/8T).

The data points in the log D vs 1/T plot have more than a normal smourt
of scetter. This may well be due to the various cowpositions studied in this
reference. ‘

Gruiin and Nonkou(ISJ) exanined the diffusion of Coao into various coba't.
chromium and cobslt-nickel-chromium alloys. A Co®0 layer, 0.005-0m thick, was
electrolytically deposited onto thin discs of the alloye and diffused in the tem-
perature range of 1100 to 1350°C. Two to four measurements were made at eech
temperatute. The results ara shown in Table 62,
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Iable 62

Diffusion of Co60 in Cobalt-Chromium and Cobalt-Nickel-
Chromium Alloys(133)

L x 1011 (cmzlsec)

Temp. | Co-Cr Co-Cr Co=-Ni-Cr Co-Ni-Cr

°c) | (4% cr) | (7% Cr) {{26% Ni - 9% Cr) |(26% N1 - 18% cr)
1100 | 2.7 1.7 | 2.1 2.5

1120 3.2 3.8
1150 3.1 4.7
1160 5.2 6.8 7.1
1200 9.7 9.4 12.2
1220 15.0 24.0 22.2
1250 21.5 24.0 23.5
1280 3¢.0 47.0 51.0
1300 3.5 38.8 36.8
1320 58.0 62.0
1350 80.8 135.0 20.0

The Do and Q values obtained from this datu are shown in Table 63.

Table 63

¥requency Factor and Activation Energy for Diffusion of cubo

in Cobalt-Chromium and Cobalt-Nickel-Chromium Alloys

9 D Q
Composition (eméuec) | (cal/mole)

Co-Cr 4% Cr 0.67 65,800
Co-Cx ™ Cr 56.3 79,300
Co=Ni~Cx |26% N4 - 9% Cr 6.3 12,100
Co=NisCr | 26% Ni - 16X Cr 0.4 64,200




Belew 1160°C a great deal of grain boundary diffusion was observed. The
Fisher(154) analysis was used to obtain the grain boundary diffusion data
shown in Table 64. The grain boundary width was taken as one lattice spac-
ing.

Table 64

Grain-Boundary Diffusion of Goﬁo in Cobalt-Chromium and
Cobalt-Nickel-Chromjum Alloys

. 8 2
. DG.B. x 10 ‘(cm /sec)
b Temp, | Co-Cr | Co-2r Co-Nj-Cr S
(°C) | (4% Cr) | (7% Cr) |(26% Ni - 9% Cr)
980 8.3 7.5 4.9

1040 69 64 14 A
1100 | 160 160 57 I
1160 | 400 650 170

- Q (cal/mole)

v 55,000 | 74,000 67,000

The data appesrs to be very good and quite complete. No mention was male as to
the sectioning or counting procedures. Mowever, in the past Gruzin has preferrved
to maasure the activity of the surface of the specimen after various diffusion
tines.

b. Chromium-Iron

The early data by ﬂicknclss) 9nd Bnrdonhcucgaund ?u’!or(lsﬁ) -
is very incomplete, More racent data, hy tledp(157 and Gruzin3( 1138) 15 much
more precise and counlete,

In the vork of Rickl(lss) electrolytic iron specimens were packed in
chromiuwn powder and heated at 1200°C in vacuum. The concentration ve distences
curves vere determined by measuring the lattice spacings by x-ray diffraction
after the rewoval of knowm layer thicknesses, He found that

D= (1.7-8.1) x W~ at 1200%.

Bazdenhouer and Hullcr(lge) measured the di€fusion beiween pure hrowmium
wnd pure {ron at 1150 and 1350°C. The sumpices weve sectiored and chemically
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analyzed. No measurements were made as to the variation of the diffusion coeffi-
cient with changing composition. The data ic listed in Table 65.

Table 65

Chromium-Iron Diffusion Data for 1150 and 135000(156)

Temp. D (cmzl sec)

°c)
1150 6.8 x 1010
1356 2.2-5.3 x 109

b

Taking en average value of D = 3.2 x 10_6

shown to fit the equation:

cn?/sec at 1350°C, this data msy be

D = 218 exp (~63,500/RT).

With measurements at only two temperatures, the activation energy and Do values
are very uncertain.

'Jeda(lsn measured the diffusion of chromium in dxon by plating chromium
onto iron wires and measuring the growth of the plated layer «» » fvaccion of
time and temparature. The following analysis was used to determine the diffu-
sion coefficient:

c
which gives xz = 4A Dt, where A depends on 55 » Taking the solubility liwmit as
0
Cyx = 14% and C, = 100/2 « 50%, then A = 0.584. Prom measured penatrations (x)
at given times ?:) the following velues of D,listed in Table 66, were determined.
A log D ve 1/T plot of this data {s shown &a Fig, 36, The curve showe very
1{ttle scatter in the data points. The activation energy is reported as

Q = 61,800 cal/mole from which ona way calculate the relstion:

D = 127 exp (~61,C00/RY).
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Table 66

NDiffusion in the Chromium-Iron Syatem(157)

Temp . D Temp. 2
(°C) (cm?/sec) °c) | (cm?/gec)

920 | 1.3 x 10 %1050 [1.6 x 10 5

950 | 2.4 x 10 91100 |4.0 x 107°
1000 | 6.6 x 10 20

—9
1030 | 1.1x10° 8

1150 | 8.6 x 10
1200 | 1.9 x 10

This data represents an average diffusion cuefficieat over the concentration
rauge of 0 to 14% chromium. No calculations can be made from such data as to
the variation of the diffusion coefficient with composition.

Gru:in(za) studied the diffusion of 0:51 into alpha-iion, gamsa-iron, aad

a 0.82% carbon steel. The diffusion annes)s ware carried out in the temperature
range of 750 to 1250°C. The data is shown in Table 67.

Table 67

D x l(ll2 (cnz/lec)

Iron 0.82% ¢ ::::LJ
0.5 'Yl
4.9 2.0
19.0 e
e 5.7
14.0 -
%.0 13
44 18
58 3
23 39
5 67
150
Mo

o ; ) (‘n.;‘l

We yn oo0A " - -
N LR M .
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These values may be described by the following equations:

4 .
Dype = 3 % 107 exp (—82,000/RT)

4 ,
Dope = 1.8 x 107 exp (=97,000,/RT)

= 10 exp (~75,000/RT).

Dysteel

The experimental points were obtained by reliable techniques and show a normal
amount of scatter in the log P vs 1/T plots.

Gruzin(lsa) also measured the diffusion of an electrolytical deposited Fe
tracer into Fe - 3,98 wt. Z Cr and Fe - 7,90 wt. % Cr wlloys cve- the tempera-
ture range of 1100 to 1250 °c. The alloy samples were melted and aomogemized for
20 to 30 hours at 1100 to 1200°C, The diffusion coefiicients were found to be
as stated in Table 68.

Tahle 68

Data on the Biffusion of Fcasg into Chromium-Iron

Alloys of 4% and 8% Chromium(i159)

Temp. D (‘m Jaec)

(°c)

mo | 1axw0t | 3a3x10
1150 22x 100 | 7.2x107
1200 | s.0x10 M | 15 ) 10
1250 2.1%10 % | 3,6x 10"

This data is shown dn Tig. 37. The activetion energy and D, valuss are given
in Table &9, Gruzin believed cthat the activation snergy shiuld vary linsarly

. with composition. Therafors, he felt that the lover value of Q for the 4% Cr
alloys wis dua to hydrogen in the metal and accordingly made a correction for
the hydeugen content which gave bda & § = 75,000 cal/wole, The hydrogen con-
tent for his alloy #s uot given nor does he describe the mechod for “corvecting"
for 1.

The dats in genscal s quite good as seen by tho small amount of scatter
in the data plotted in Fig. 37. Howover, the correction for the hydrogen con-
tent does uot seem aecessary uwor valid.
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Table 69

Frequency Factor and Activation Energy for
Diffusion of Fe’? in Several
Ircn-Chromium Alloys

~
Composition Q ?
np (cal/mole) (em27sec)

Fe - 8% Cr 90,000 600

Fe - 4% Cr 69,000 4
= C

Pure Fe (Ref. 84) 68,000 0.7 .
Fe - 4% Cr

(corrected for Hj 75,000 20.0 B

content)

~~~~~~

¢, Chromivm-Silicon

Samsonov and Solonnikovn(la) using their previously de-
scribed method (page 3) determined the “diffusion coefficient" of silicon in
chromium from the measured rates of growth of the CrSiz plase. The only data
reported is the activation energy Q = 10,250 csl/mole. Thiw value seems to be
extremely low when compaied to the activation energy for difiusior {n any of the
other chromiun systems, The doubtful validity of the data giveu .. this refer-
ence for use as diffusion data has been expandsd upon earlier.

d. Chromium-Titanium

Mortlock and roulin(lsg) evaporated 0r51 onto disce of a s
T4 - 18% Cr alioy. These discs were then put together so that the Cedl formud
the middle layer of a sandwich errangement, the smaples were diffused at 1000
and 1047°C, Autciadiographs ware taken and measured wit: a high resolution
scanning microphotomater, 7The log of the photographic density was plottea ve
the sgnere of the discance which ylelded very fine strvsight lines. The results
found are tabulated {n Table 70. A furthar extension og thtg wrk uas perforaad
in a rather interasting way by Mortlock and Tomlin, 160) ¢l wvasd evaporated
onto cosmereimily pure titanium and diffused at 1055°C. The same ssaple vas
then analysed by three different techniques. First, an autovadiograph vas taken.
then, the semple vas sectioned. Afcer the removal of uach section, the sctivity
at the end of each sample wvas counted. Tha machined ssctions wvera alse dissolved
end their activity counted. A sosparisvn of the thres techniques can be noted
fa the following dats. The agressent is surprisingly good betwesn tha thres tech-
ulqu.h

v
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Table 70

Diffusion Data for the Diffusion of Cr51 into an
a2 A%a cor the Diffusi

Alloy of TL - 18% 6r(T39)

Temp, D x_10°

(¢ (em?/mec)
1009 2.0
1000 2.0
1000 2.2

1000 1.8 B
1047 3.9 L

Table 71

i,

Data on the Diffuaion of cr51 into

Pure Titaniumii00)

D at,_1055%
Method (e‘?,/..c)

Autoradiographic .4 x 10

Counting tranaverse

D
sactions 7.8 x 10

Counting dissolved

-9
layars 7.0 % 10

sy .
o

More recently, Mortlock and m-un(“” have extended thair sutoradioe
gtephic technique to » venge of temperatures for sevaral different eitanius-
chromtun alloys. Cr’i was vacuu daposited onto finely ground end feces of
samples 1 e in diamater and 0.5 cw n length. The smeples were clanped to-
gether {n a ssndwich arvengemant with che sceive faces 1o the niddle. Diffy.
sion annesls vere sade at temperatures in the vangs 926 to 1178°%C on sawples of
{odide titanium, cowmercial ticanium, T4 + 101 O slloy, and T4 ¢ 183 Cy¢ alloy.
The conceniration-penantraticn surves for the chromiue tiacor wers deterained
from lntﬁudlegupho.tfur corraction for the gemsasrays saitied aloag with the
detecparticles by Cxol, The results may be axpressad as follovs.
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Table 72

Frequency Factor and Activation Energy for Diffusion
of Crol into Pure Titanium and Several

Chromium-Titanium Alloys(l1o°

Solvent Metal

D, Q
(cc¥/sec) (cal/mole)
Commaycial Ti C.005 35,200 + 2,700

lodide Ti 0.010 37,700 + 2,200
T4 + 10% Cr 0.02 40,200 + 3,900
T4 + 18% Cr 0.09 44,500 + 1,30

The £ine accuracy of this work is veflected in the small errors veported for
the activation ensrgies.

e, Chromium-Urgnium

Mozse, Levy and Adda(ig'” reported diffusion messuremants
ia d&luce alloys of chromium in gammsa-uranium in the temperature range 900 to
1000°C. A dilute uranium-chromivm alloy wes bonded to puve uranium and diffused
at a tamparature such that the alloy was i the two-phsse €ield of jemma plue
liquid. By msesuriag the movesent of the interface of the yamcs plus liquid-
gemma buundary, the diffusion cosffictent was detarained, A {ne”~age of the
solidus compoaition at tha tumperature of diffusion was aleo necessary. Tha
usts may bs ssan in Table 7).

:‘3:‘)" (wzguc}
900 31x107]
925 5.0 x 10
950 6.7 % 1077
975 8.6 x 107
1000 9.6 x 10
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These volues fit the equation:

D = 0.7 exp (—34,000/RT).

A summary of diffusion in chromium is given in Table 74.

c.

Diffusion in Titanium

1. Self-diffusion

Becuuse of the lack of a suitabl: rsdioisotope, self-diffusion
in titanium has not been measured exp2rimertally. Estimates 7 the activatien
energy for self-diffusion in titanium can b¢ made from messuremeats of the heat
of fusico, the melting point, and the air- contauination oi commercial titaniuem,

Prom the relation of Wlaire,(sa) Q = 38 T, the activation energy for
self-diffusion in titanium is Q = 73,600 cal/mole” From the plot of activation
anexgy for sclf-diffusion vs melting point showu in PFig. 8, Q is eatimated aa
Q = 72,200 cal/eole.

Hachtrieb and Handler's fomh,(sg) Q = 16.5 A\ Hg, and Relley's data of
& Bg = §,460 cal/mole yields an estimated value for Q as Q « 73,600 cal/mole.

Although the values reported for A He and T, vere imasvred for beta-
titaniua, Raufman calculated a walting tesparature of 1670 for alpha-titanium
vhich 1is practically the same as the accepted value of 16679 ... vata~titaniuve,
Hencs, tha activation energy for salf-diffusion in titanium would be expected
to ba about tha same for the tuo phases of titanium,

Reyvolds, Ogden, and Jnf!u““’ found tha activation energy for air coa-
caminacion of commerciasl titanius to be Q « 75,300 cal/mole. In orvder £o exs'ais
this high sctivation sasrgy, they proposed a sechanism vequiring counter cuprent
diffupion of citeniuvm atoms avd oxygen avtoma, in uhich self«diffusion of titanium
crasted vacancien that would add the diffusion of oxygen. This explanatiocn ape
pears sore feasible than postulating interetitial machaniss, I this wosei 18
true, then this obse.ved sctivation ensvgy should ba in good agresment with the
activation energy for self-diffusion {n titanium, Tha agroemsnt with ths above
ampirical sstimates ie quits good.

)

Since high Cempavatute creep s usually diffusion contenlied, and on wany
occasions ihu tgtivation snergies Yor the two proctsses have been cbeervad to b
jdenticsl, (162 guch a comparison would be interesting. Orr, Shordy, and Doral?)
bave calculated the activation energy for hugh Cemparature crecp of tieantum fros
the expevimental dats of Cuff and Gfiut.(“”g Thay found Q » 80,000 calluole
vhich is somswhat smallur than the above eatiwates of the sctivation enerygy for
seli-Jdiffusion o titanium.
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2. Interstitial Diffusion

a. Titanium-Boron

Samsonov and Latysheva,(s’g) usi.g the technique deseribed
under the tungsten-boron system (page 3), determined the "diffusion coefficient”
of boron in titanium from the measured rates of growth of the TiBz phase. Their
data fitted the equation:

4

D= 2.15 x 10" exp [~(9,150 + 2,800} /RT}

over the temperature range of 800 to 1200°C. The dats is given in Table 75,

Table 75

Titanium-Boron Diffusion Data Using the
Samsonov and Lautysheva Technique(S,

D, c-C D
(cnzlgcc) (glcna l (cu?/sec)

0.333 | 2,15 x 10

Q
(cal/mole)

9,150 + 2,800

1000 ; 112,4350
1100 | 150,0640
1200

178.6530

b, Titanium-Carbon

Ssmsonov and Lntybhcvn(a’q) maasured the growth gf che TiC
phase as a function of time over the temparature rangs of 800 to 1400°C. Iy
ngplyinﬁ the snalysis described under the tungsten-boron systew (page 3) thay
vbtatned:

D« 2,46 x 10° exp [=(17,500 4 5,670)/RT].

The data £s shown in Table 76.

Wagner, Bucur, and Steinberg‘lﬁb) determiccd the diffusion of carbon in
titaniun by a more reliable and standard procedura than that used by Refs. 8
and 9. Dlace of high purity titanium (0.038% C) were pressuve bonded to discs
of corbon-titanium alloys coatatning 0.% to 1.37% C. These carbor alloys con-
steted gf two phascs. The gumples vere annealed in the tesperature range of 716
to 1150 C, sectiontd and chemicelly anslyeed. ihree to six sphcimuns were run
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2t each temperature. Over the composition range used, the dtffuzioz. coefflelant
vas found to be constant, The mathematical analysis of C, Wagner was usad
to determine the diffusion coefficient. The data ir reported in Table 77,

Table 76

bon Diffusion Dara(s’g)

D Q Dy c-c; D
(€ ~ Cy)| (cal/mole) (em2/sec) | (g/emd) (wmzller)

0 17,500 + 5,670 1,060 + 230 | 0.436 | 2.44 x 10 oxp (==t n 555
3.2205
7.2885

11.3904

20.2270

Iable 77

Dats on the Diffusion of carggn in
Alpha and Bets-Titanium

Avcrngc at
!acg
/ccc

236 2 x 10

782 5x10°
835 1.3 x 1079
950 2.5 x 107
1050 1,0 x 107

1150 4.0 x 107°

These valuas tmay te exprasssd ae:

for q-T4
D« 5.06 exp (~43,500/RT)

for P14
D = 108 exp (—8,400/%T).
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Titanium-Hydrogen

Kugsamichi, Yagi, Yukawa, and Noda(166’167) determined the
diffusion of hydrogen in titanium from measurements of the emission of hydro-
gen from commercially pure titanium. Rod-shaped titanium specimens were degassed
ir vacuum at 700, 750, 800, 850, and 900°C and the evolved hydrogen was collected
and measured. From the data, the di ffusion coefficient of hydrogen in alpha-
titanium was calculated to be:

D= 0.27 x 10 2 exp (~14,200/RT).

Wasilewski and Rehl(lﬁa) have diffused hydrogen radielly into cylinders of
high purity titanium. Turnings were taken off the diameter snd the concentration
of hydrogen was detarmined. From the measuri:d concentration gradiznta, the Jif-
fusion coefficients were evalusted, and were found to fit the equations:

tor q-T1

D= 1.8 x 10 2 exp (~12,380/RT)
for p-Ti

D= 1.95 x 1072 exp (~6,640/RT).

This data appears to be very good and geite coaplete.

Koster, Bangert, and Bvcn(m” found an internal iriction peak in quenched
waphastitanivm which has a magnitude directly proportional to the hydrogen con-
tant. This peak was interpreted as due to the stress induced interstitial diffu-
sion of hydrogen in the alpha solid solution., Tha peak has an activation energy
of Q = 15,000 cal/mole which {8 in fair agresment with the valuss obtained for
hydrogen in slpha-titanium in Refs. 166, 167, and 168.

Por diffusion of hydrogen in an alloy of 4% Alb)ld Mn, and 92% Ti (C~130AX) -

at_room texzperature, Daniels, Harmon, and Trotano(l? reported that D = 1.0 2 1)
cm/esc. This value falls hetwesn the extrspolated diffusion cosfiicients of
Vasileweki and Keh1(168) gor liydrogen diffusion in alpha and beta titanius,

The agrecment on the diffusion coefficient of hydrogen dn titanium mn,
the difforent authors is quite good, with tha data of Wesilewski and Keh1(168
protably baing the most accurasts. :

d.  Iitapiue-Nitrogen

Wasilewaki and Rohl“n) masured the diffusion of nitrogen
{n clpha-titenius, beta-titanium, and titaniws nitride by diffusiag nicrogen into
0.350«4nch gtmur rods of high purity titanium over ths temparature range of
%00 to 1570°C. Turnings were taken off the diusater end the coucentration of
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nitrogen determined. The diffusion coefiicient wee found to be independent of
the concentration in each phase. The experimental voints for the diffusion of
nitrogen in alpha and beta titanium are given in a log D vs 1/T plot shown in
Fig. 38. This data may be described by the equations:

—2

Dy = 1.2 x 10 © exp [—(45,250 + 2,250)/RT]

Dy = 3.5 x 107 exp [~(33,800 + 1,400)/RT].

The diffusion of nitrogen in titanium nitride may be represented by the equation:
D=5.4x10° exp [—(52,000 + 3,500)/RT].

This data is showm ian Pig. 39,

Tucse values were obtained by a reliable technique and may be considered
quite accurate a3 demonstrated by the small amount of scatter in the data points
as seen in ?igs. 38 and 39.

Gulbransen and Andnvun) mcasured the wcight gained by a sample of com-
xercially pure titanium heated in purified nitrogen. The measurements were ma
as & function of time and ges pressure over the temperaturs rang: of 550 to 850°C.
The rate controlling mechanism followed a parabolic rste law snd -+ rafore vas
aspuaed to be a diffusion procees which waz evaluated as having an activation
~revgy of Q = 36,300 cal/mole. This value is considerably smaller than the move
reliable value for diffusion of Q » 45,250 cal/mole veported im Ref, 171.

Por tha diffusion of oxygen in ?ggﬁmmm ovar the tea-

parature vaage of 950 to 161&"0, Wasilewski and Kehl diffused oxygen iato
0.350-inch diameter rods of high purity titanium. Sections were machinsd off
the dissater of the specimen and chemically analyzed for oxygen. The ditfusion
roefficient vas found t. ba constant ovar the fuvestigated concantration range.
Secause of undus complications arising froam surface laysrs of oxide, no diffu-
sion coafficients were determined for oxygen diffusion in slpha-titanium. Tha
data for oxygen diffusicn {n beta-titanium may be described by ths egquation:

D w 1.6 exp [~(48,200 + 3,200)/KT).

This date ts ahwn in & log D va 1/T plot of Fig. 40. The flne accuracy of this
work is demonstreted by ths small amount of scatter in the data points 4s sesn
i !13. 40.
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( 73)

Pratt, Bratina, and Chalmers used a low-frequency torsion pendulum
technique to study internal fricilon in alpha-titaulum and in titanium-oxygen
s011d solutions containing up to 4.5 atomic percent oxygen. A relaxation peak
was found with an activation energy of Q = 48,000 cai’/owle., This peak has been

attributed to the diffusion of oxygen in alpha-titgnium. Using this value of _ }i
Q, Reynolds and Jaffee(174) calculated D, = 0.4 cm®/sec from taue Dushman-Longnuir f‘

equation. ;

Roe, Palmer, and Opie(175) obtained experimental values of the diffusion
coefficient for diffuseion of oxygen in titanium which are in egharp disagreement
with the results of Refs. 171 and 173. Samples of titanium were cut from 1/4-
inch diameter titanium 75A bar stock, polished and packed tightly in Ti0) powder.
These samples were heated for various times up to 117 hours at temperatures of T
700 to 1150°C. Microhardness measurements were made across ti: .alazeter of o o
polished cross section cf each of the diffused specimens. From these microhard- '
ne3s weasucements, the concentration gradient was evaluated, The diffusion co-
efficients determined for the Ilnward diffusion of oxygen weire compared with
measurements of outward diffusici cbtained by submerging a pisce of oxygen doped
titanium in a bath of liquid calefum, The agresmont between the two techniques
is good although there is much more acatter in the data for outward diffusion D
than for {award diffusien.

Th: data may be represented by the equations:

for =T

-3

D=5.08 x 10~ exp (—33,500/RYT)

for B-Ti
D = 3.16 x 10° exp (~68,700/RT).

Thie data i shown in Fig. 41,

A possible sxplanation of the excessively large activation energy for dif- e
fusion of oxygen in beta~titinium was proposed by Parr in the writirea disc esion N
of Ref. 175. Parr suggestad that since this value of Q = 68,700 cal/mole is
very clree to that wlich would be expected for self-diffusion in titanium; per-
haps the oxygen atoms occupy substitutional sites end diffuse by a substitutional
sachanism in the case of bata-titsnium. In the case of alphe-titanium, the ozy-
gen stoms may occupy interstitial sites snd diffuse by an interscitial mechanicm.

This possibility is sudbstantiated by the fact that the ocishedral holes iu alpha
titanius are about 40% lavger than the holes in the beta structure.

Although this dats was obtained with good sccuracy, as may be seen in the
small amount of scatter iu the luwward diffusion data (Pig. 41), a large dlacrup-
ancy exists betwoen this data and the aqually good duta reported in Ref, 171.
Since this work used less pure mit.?iun thun Ref, 171 (wvhich vas shown to be
very fmportant tn the werk of Gupta 177) et al. veported in the coming pages)
and since dffusion of oxygen in Ti0z may possibly be a controlling ﬂff?t?"m in
this work, the usa of the date of Wasilewsk! and Xehl is recommended, _
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Claiss2 and I(oenig(lm) measired the diffusion of oxygen into bata-titanium
under the influence of an electric field. Specimens of 1/4-mm diameter wire
were oxidized in a local area and then heated with & d.c. current passing through
the specimen. The concentxation gradient was determined at various time inter-
vals by measuring the resistance of the wire over a 1/2-mm length ac different
positions along the wire. These measurements were made at six temperatures in
the range 1127 €0 1347°C. The results may be expzessed by the equation:

D= 8.3 x 102 axp [~(31,200 + 2,000)/RT].

A negative excens df 0.4 elactron units was found to be carried by the oxygen
atoms. This data seriously disagrees with all of the previously reported diffu-
sion data.

Gulbransen and Andrlw'o(lh) date notoriously disagrees with the data of
other investigators. They examined the weight gained by titenium samples of come
mercial purity (0.77% carbon) and by iodide titanium while hezzed in purified
oxygen. Messurements wers mdeoat 8 gaa pressure of 7.6 cm of Hg and in the
tempeaturs range of 250 to 600°C. Their data may be given by the relation:

-6

D=1x10" exp (=26,000/RT),

These authors have made similer investigations on many systeme raported
in this paper. Their work has alvays been conducted with extreme care snd fine
experisantal procedure. However, their vesults seldon 2gras with diffusion data
obtained by more reliable methods, This may laad to the conciusion that waight
galu measurexants are not govaraed solely by the diffusion mechsnisa.

f' - d n»

large dinegresnmnts betwveen different investigations, u.s
of vhich are performad with great care and a high degres of finesse, are blamed
on expevisental error. The error in good experimental vork, even in the field
of diffuston, can seldm be blamad for much more than a snall fosction of these
large dissgressents. Eaal) quantities of a third elemanc ace oftan responaible
for a lacge poni?n of these disagreaments. This can e esun in the work of
Gupte and Weing. (37 ) They used iaternal-friction messurauants to atudy the
diffusion of oxygan in alphe=tieaniun canteining various emall additions of a
third elemsnt. The date {s listed in Tabie 78, This illustrates the fa.* thet
variations in tha activation enecgy for diffusion of onygen 1o alpha-titantun
of 34,000 to 67,000 cal/asols way be produced by the addition of 0.10% of verious
thicd elesents. . .
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Data on Oxygen Diffusion in Titaniun Containin
((,I;

Spall Amountg of a Third Elemsat

Soluts Oxygen Q
(at. %) (at. %) (eal/mole)
ey

0.10v 2.0 34,000
0.10 Zr 2.0 48,000
0.10 Al 2.0 39,000
0,10 ¥ 2.0 33,680
0.06 2r 2.0 67,000
0.10 2r 2.0 48,000
0.50 2r 2.0 --

3. Substituiionel Diffusion

8.  Titenium-Aluminum

ecem““’ perfornad diffusion messuremente on sawples com
posed of pure titanium and cne of two different titanfum-aluc’... wiioya,
% veight percent aluminum or 8 weight parcent aluminum, Sazplas were J1ffusad
at aix different tempsratures in the vange 983 to 1250°C. Whe difiuston coeffi=
cients vere datermined ss & function of concentration by means of tha Matano
analysts, The intrinsic diffusion cosfficlients werse seasurad in some sanplag
by uss of ThU; markers. D as # function of atondc percent aluminum &s shown **
Fig. 42. Yor 2 stontc percent alumiuus, D {s given by ths equation:

Dw lbx 1070 exp (=(21,900 + 3,700)/a7).

#inilarly for 12 stemic psrcent aluaioum,
Dw9.0x 107 exp [~(25,500  4,300)/x7).

At 1250°C, the fotriasic diffuston cosfficlants for 96.2 etosie percent titanium
ste;

Dn » 4.9 & 10_9 auszEG

Dy, = 1.1 x 1670 ca¥isec,
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Since aluminum stabilizes tie alpha phase in titanium, it was possible to deter-
wine the diffusivity of aluminum in alpha-titanjum by employing a couple corm-
posed of the alloys ngeight percent aluminum and 8 weight percent aluminum,
heated at 834 and 900°C. Diffusion at these temperatures was too low to use the
Yatano method for caleulating results, so the Grube analysis was used. The re-
sults fitted the equation:

D=1.6x 10~ exp (~23,700/RT).

The data is quite complete, howaver, the errors reported for the activacion
energies are rather large,

b. Titaniwn-Iron

The diffusion of titanium in alphs and gamma iron at low
titanium concertration was measured by Moll and Ogilvie.{178) Pressure bonded
diffusion couples were prepared between pure iron and one of two different iron-
titanium alloys, 2.13 weight percent titanium or 2.45 weight percent titanium,
and these samples were diffuised for various times at temperature in the renge
of 1075 to 1225°C. The concentration gradients were evaluated by a linear x-ray
abgorption technique. The observed rate of movement of the alpha-gamna inter-
face determined the diffusion of titanium iii alpha iron. This data is given in
Table 79,

Table 79
Titanjum-Irou Diffueion Datas for 4110 8 of
Low Titenium Concentrgtion 78)

Tenip D
Composition ) (cm?/uee)
1075 9.80 x 1035-
2,13% T4 1150 2.27 x 10
1225 8,28 % 10
1075 3.80 x 1o§§°
2.45% T4 1150 2,09 x 10
1225 7.92 x 10
2,47 14 1216 6.40 x 10~

The equation
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represents these points, Values for the diffusion coefficient of titanium in
gamma iron were calculated by applying a Matano analysis to the concentration
ciurves withir the gamma phase region, The temperature variation of the diffu-
sion coefficient may be descrihed by the equation:

D, = 0.15 exp (~60,000/K1).

Thesz results on the activation energy for the interdiffusion of titanium
in alpha~iron, at low titanium concentrations, are ¢ssentially the same as the
activation energy for self-diffusion of iron in alpha-iron.(90) This result
correlates with the theory of Zener(179) for diffusion in bodv-centered cubic

"alloys of low snlute concentration. Also the scacter in the points on a log D
"~ vs 1/T is very reasonsble for the alpha iron data. An evaluati~n of the gamma

iron data is not possible since no data points were given.

c. 3 - anase

Goold(IOB) carried out diftusion measurements on samplus
composed of pure titanium and one of two different titanium-manganese alloys,

" 8.5 weight percent manganede or 17 weight percent manganese. Samples were dif-

fused a¢ five different temparaturca in the range 830 tp 1190°C, After diffu-
gjon anneals at temperatures up tc approximstely 1000°C, 0.35 inch was
machined off the dismeter of the sample before taking the turnings for analysis.
Due to the largs manganese losses from the ailoys by volatilization above 1000°C,
the normal methods of analysis wars not adequate. Instead, the radial distribu-
tion of mangansse {n the slloye was determined after J¢iffusion. Prom this data,
the diffusion coefficients ware calculated. BExcellent a resm: ' 'atwesn the two
tachniques was obtained on ths same cample annealed at 926°C. D as & function
of composition is shown in Pig, 43. For 8 atomic percent msngeness, D is given
-by the equation:

D =1,0 x 1073 exp [=(35,200 + 1,800)/RT}.

The data is quite complete and ite veproducibility is repraeuted by the ieszon=
able szrox reported for tha activation energy. - ‘ : .

d.  IiteniuneNicks] -

Swalin and Hnrtln(32>,prcpar‘d preasura welded diffusion
couples of pura atokel and a N4 ~ 0.9% T alley. Spectrophotometric analysis

 of lathe tuxniogs was used to determine the cancaatration gradient. The date
. be plven lu Teble 80, This dats £ittod the equation:

D = 0,85 exp (~51,400/8T).
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Teble 80

Data on Diffugion in the Titaniwn-Nickel Evctem at
Low Titanium Concentrations{32Z)

‘ Temp, D
(°C) (cmzlsec)
1104 1.53 x 17 0
1150 | 3.23x 10 20
1202 6.19 x 10 10
1214 8.75 x 10 10
1239 1.15 x 10 2
-9
1282 1.96 x 10

A plot of log D vs L/T 1s shown in Fig. 44. These values are very good as may
be seen by the small amount of scatter in the data in Fig. 44. The asuthors esti-
mated their error in the activation emergy at + 1000 cal/mole.

e. Iitanjuy-Silicon
(34)

Samsonov and Solonnikova'™ ’ reported a val:- - “~r the acti-
vation energy for diffusion of silicon in titsaium, determined from measurements
o€ the growth of the Ti81; phase as Q = 5,690 cal/mole. The doubtful applicas-

bility to diffusion of the data of these authors has previously besn discussed
in this paper.

£, Iiteniun-Tin

Goold(loa) measured the diffusion in couples ceaposed of
pure titanium and one of two different titanium~tin alloys, 10 weight perce::
(4.3 atomic parcent) tin or 20 weight parcent (9.2 atomic percent) tim, las-
ples were diffused at [fve different temperatures in the vange 1004 to 1250°C.
The diffusion coefficiants were detarined us a function of concentration by
means of the Matano analysis. ThO2 markers were included in soma samples in
order to determine the intrineic diffusion coefficients. D a8 i function of

atomic parcent tin is shown {a FPig. 45. Por 1 atomic percent tin, D may be ex-
pressed by the equation:

D= 8.6 x 107 axp [~(15,300 + 3,800)/a7].
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Similarly for 8 atomic percest tin:

D= 2.7 % 107 exp [-(29,800 + 8,300)/RT].

At 1250°C, the intrinsic diffusion coefficients for 98 atomic petcent titanium
were:

-—9

- D, = 2,65 x 10 cmzlsec

Ti

- o

Dy = 92821 cmzlscc.

i R Since tin stabilizes the alpha phase in titanium, it was pcesible “o Jiteradue
— rhe diffusivity of tin in alpha-titanium by using a diffusion couple composed
- of the slloy 10 weight percent tin and 20 weight percent tin, heited at 834°¢C.

T The diffusion at thic temperature was toco small to use the Matano analysis, so
the Grube analysis was used. This data yielded the diffusion coefficient:

0

D=0.5x% 10-1 cmzloec.

’ The data is very complete; however, the errors reported for the uctivation en-
ergy (~25%) are excessively large.

i f£.  Titanjum-Uranium

A very complete and accurate inveatigation of the airffuaion
in the titanium-uranium system was performed by Adda and Philibert,(180) pres-
sure bonded diffusion couples were prepared batwaen pure uranium and pure titan- -
ium. Diffusion anneals were carriad out betwaen 950 and 1075°C. The concentra-
tion gradients were determined with the electron microbeaw probe, zud the dili:~
sion coafficients and tha activation ensrgies were determined as a function of
composition. Thia data is given in Table 81 and can be sesn in Pige. 4 aud 47,
Intrinede diffusion coefficiunte were aleo measured. Thie dste L summariged 4n
Table 82 and is shown graphicaily in Pig. 48,

b, nd High

s, TIitynium-Xron-Cobalt

Gruein and Nnnkew(‘53) investigeted the diffusion of 0060
tatc on 2lloy of BL% cobali, 15% iron, and 4% titanium, A Co%0 luyer, 0.005 re
thicit was electrolytically depociged onto thin diecs of the alloy and diffused
at the temperatures 1100 and 1200 C. Two to four measurements wire made st each
temperature., An evorage of the difisrent measuremonts for the two emperatures
tnvestigated are tabulated in Table 83,
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Table 8%

intriusic Diffusion Confficlents in the

Titanium-Uranium System(l

= Temp. (C) || 950 1000 1050 1075
, At. %2 U 82 82 82 83.5
Tutrinsic D. 14.7 x 102 (9.5 x 102 1.6 x 10 |2.2x 107°
v - 9 -3 - -
Intrinsic DTi 1.2 x 10 2.9 x 10 4.1 x W 5.8 x 10 oo
s Table 83 _
Data on the Diffusion of 0060 in an Allo§ of L
81% Cobalt, 15% Ircn and 4% Titanium ,
, ) Temp . D
> (°c) (cmzlaec)
100 | 7.5x 10
1200 19.0 x 107

This data may be expressed by the equation:

D = 0.008 exp (-51,200/2T).

ok
v

There 1s & large unuertainty in the equation fox the Leapevature vaviation of
the diffusion cocfficient since measurenents were made at only two tesporeturas,

f" b. Zgggngum-ngckcl~0hroﬁtum-§anggtan-&lgggnun

Rornilev and ﬂhtnynav(xax) measurcd the diifusion of Pesg
in alloys of Ni-Ti, Ri-Ti-0r, and NL-TL(-Ce-W-Al. Theae alloys wete nickel base,
in watursted solid solution; howsver, the sctual coupuuitivns were not glven.
Fe3? was electrolytically deposited on 20 s dismeter discs, ¢ Lo ) ma thiek
and diffusicr. annsale wers perforswd Lo the temperature vange of 920 Lo 1250°C.

. After diffusion, layers wire etched off the surface of the allov disce and tha
! activity of the Fe59 vas measured, ‘The data is reported in Table 84, The ex-
perimantsl valuee ave vlotted as log D ve 177 ahasm dn Fig. 49, The accursy
of the data appears to be very good as seen in the sasli esount of wcstler do
. the data of Pig. 9.
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Frequencv Tactor and Activation Bnergy for Diffusion of fe

Table 84

Ni-Ti, Ni-Cr-Ti, and Ni-Cr-W-Al-Ti Alloys

59 in

\
q D .
Alloy (cal/mole) (cul/Sec) e
Nt 50,700 | 9.2 x 03|
ML~ 73,100 [ 1.6 x 107
Ni-Cr-Ti 84,000 | 4.45 x 10° |
Ni-Cr-W-AL-T1| 91,300 |8.2 x 0° "
¢, Iron-Nicksl plus g Third Element

(T4, V, Xb, B or Mo)

It was praviously shown that small additions of a thizd
elemant can greatly alter the wessured diffusion cosfficient for the {ntersti-
tial diffueion of oxygun in titanium, Similsr osssuresents were mada for the
substitutional diffusion of Fe39 1n a saries of iron-uickel alloys with small
additions of o third element (titanium, vanadium, nicbium, molybdenum ur boron).

.
Bokehtein, Kasakova, Kishkin, and Kireky$!®? dtffuesd #e"? gato alloy o

asmples, 29 x 9 x 7 mm {a aixe, at temperatures of 1000, 1100, 1'50, and 1200°C.

The alloy compositions and the diffusion data ave presautsd in ... . 85, The ’

coaposition aid tesperatures were choden so that all measuresents werse made in '

the facs-centersd cubic gemma-iron phase, The sawples were secticned with

“spacially designed machine" which vesoved whole slices, probably much liks a

plovoteas. The date appasrs to be very good since very little scatter in ths
data pointaie shows fo the log D ve 1/T plote.

Arkhavov, Bfremova, Ivanovakaya, tihtol'ts, and Yun!.ko‘“’ 184) fouad thar
nicke! diffused th:oughoth. fcain boundaries ot‘ Avwco ixon to 4 depth of 0,16 wa
after an auneal ak LN0C. Undar the same conditions, O.004% boron completeiy
sliminated the grain boundayy penstration of nickel, 0.2 co 0.3% molybdenua prazs
tically eliminated t, 1,137 niobium reduced 4t to 0.04 wm, 0.27% uuntu re-
duced 1t to 0.06 sm, snd 0.2% vanadiuz reduced it to 0,11 wm,

Tovestigations such «¢ thase are few and fav betwesn. With s better knouls
qdga of the afnor constituents in diffuston couples snd thair affect on the 4if.

. tusion cosfficient, oce might be able to show . far heur torzelation bctm

the date of differsnt fnvestigators.

~ tumsary of diffusicn iz titsnlus s ﬂm‘ln Tadle 8b.
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Table 85

. . . (182)
Diffusion Data for Iron-Nickel Base Ailoys

(Major Constituent is Ilrom)

-11 2 |
ay | Tird | we.moe | P X107 (ow/sec) Do Q
Biement | Third Element | 1,000+ |1100% | 1000% (cm*/sec) | (cal/mole)

11.3 - S~ 12,5 | 2.02 {0.479 1.2 66,500

2%.3 | -- — 16.0 | 3.63 |0.795 |3.5« 1070 | 62,200

0.40 15.9 | 3.49 10.795 |3.09 1 68,000

25.02 | Mo 1.80 4.5 | 2.40 ]0.250 |4.33 x 10 77,500

4.25 13.8 | 1.26 {0.06 |2.2x 10% 96,000

0.3 16.6 | 2.17 |o0.252 |1.26 x 10> | 85,200

2,10 | Nb 1.3 15,9 | 3.02 [0.252 |4.91 x 163 89,000

3.25 4.8 | 1.75 |0.110 | 3.48 x 104 95,500

. 0.2 4.5 | 2.89 lo0.417 |2.38 67,600

#4351 ™ 1.88 17.4 | 2.52 |0.347 |1.5 x 1% 92,000

N 2.05 19.0 1631 lo.7s6 |35 10 21 55,200

| : 4.92 4 | 5,25 [1.26 |2.16 x 10 48,000
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